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PREFACE FOR THE TEACHER 

Courses in high school science are undergoing changes which, 
to some teachers, seem to be more revolution than evolution. 
But fore-thinkers in the field of science teaching, as well as 
research studies pertaining to related problems, offer convinc- 
ing arguments and evidence that this “new” kind of science 
is desirable, because it is based upon an adequate philosophy of 
education and involves a sound psychology of learning. The 
majority of present-day courses in general science and biology 
are organized according to the newer point of view, as evi- 
denced by textbooks and courses of study, but the physical 
sciences have been slow to respond. 

Modern-Life Chemistry is offered in the belief that it will 
prove to be a positive contribution to the evolution of a truly 
functional chemistry course for high school students. The en- 
thusiastic reception given a previous similar publication of 
two of the authors ^ implies that teachers of chemistry are 
ready for such a textbook, and provided much encouragement 
during the time that this book was in preparation. 

The authors accept the philosophy that high school chemis- 
try should function so as to modify human behavior in a de- 
sirable way, both in its individual and social aspects. It should 
not be taught merely for the sake of chemistry, but for the 
sake of the learner. In this connection, we quote Dr. Robert 
A. Millikan: “We need science in education not primarily to 
train technicians for the industries, but to give everybody a 
little glimpse of the scientific mode of approach to life’s prob- 
lems and to give everybody some familiarity with at least one 
field in which the distinction between correct and incorrect is 
not always blurred and uncertain, and that one opinion is as 
good as "another ^ 

1 Carpenter, F. F., and Carleton, R, H., Comprehensive Units in Chemistry, J. B. 
.Lippiiicott Co., 1SC15. 

‘‘t' Science Leaflet: 10, VIII, Mar. 14, 1936, State College, Penn. 


V 



vi 


PREFACE FOR THE TEACHER 


In order to accomplish this end, knowledge is essential. 
T his includes a command of jundamental facts, and also an 
understanding of basic ideas, principles, and generalizations. 
It is a psychological fact that when the memory fails, the facts 
are gone, but that true insights or understandings remain with 
us practically forever. There is some evidence to indicate, 
however, that when instruction aims at the mastery of funda- 
mental principles and generalizations, the supporting facts are 
more easily catalogued and are remembered longer. 

In this textbook, certain basic ideas, principles, generaliza- 
tions, and aspects of chemistry constitute the units of the 
course. To facilitate their study, the units are further divided 
into several parts, each of which centers around a logical sub- 
division of the unit and contributes to its central theme. The 
subject matter of chemistry is organized around these di- 
visions, and has been carefully selected on the basis of (1) a 
study of existing textbooks of chemistry; (2) a study of recog- 
nized syllabi; (3) a study of the literature and research in- 
vestigations pertinent to the subject; (4) a study of the popu- 
lar “story books” of chemistry; and (5) the experience of the 
authors in teaching high school chemistry and other science. 

If students are to be given predispositions to do things 
better, or differently, or more intelligently and with greater 
understanding, knowledge alone is not enough to assure attain- 
ment of this airp. Students must be trained in the use of the 
scientific method. This is largely dependent upon the techni- 
ques of instruction employed, but the organization of the ma- 
terials of instruction is a very important contributory factor. 
For this reason, an adaptation of the Morrison unit-problem 
plan has been selected, and the divisions of the units have been 
organized as “Problems to Be Solved.” This plan needs no 
lengthy justification here, for it is now accepted aljnost uni- 
versally and its basic advantages are well known. Recognition 
of problems and the procedures necessary for their solution 
constitute training in the use of the scientific method. 
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The following outline presents the plan of organization used 
lot unit ixi Modern-Life Chemistry: 

L The Unit Assignment 

A. Defining the unit 

B. Unit problems to be solved 

II. Assimilative Material tor the Unit 

A. Solving Problem 1 of the unit 

L Problem assignment 

2. Presentation of subject matter of the problem 

3. Problem summary exercises that everyone should do 

B. Solving Problem 2 of the unit 

L Problem assignment 

2. Presentation of subject matter of the problem 

3. Problem summary exercises that everyone should do 

C. Solving Problem 3 of the unit 

III. Optional Material tor the Unit • 

A. Additional problem summary exercises 

B. Exercises in chemical arithmetic 

C. Topics for investigation and reports 

IV. Unit Recitation and Test: Topics for oral or written recitation 

The following tested techniques and devices that stimulate 
interest and facilitate learning have been incorporated into this 
text. 

(1) Each unit is introduced by means of a concise assign- 
ment which clearly defines the central idea to be mastered in 
the unit. Each problem begins with an assignment which ex- 
plains its purpose. The first step in meeting any assignment is 
to know what the assignment is; that is the purpose of the 
unit and problem assignments, 

(2) Illustrations and drawings were chosen with the inten- 
tion of clarifying the materials under discussion and assisting 
students to understand the applications of chemical knowledge. 

(3) In an effort to portray the scientific method and the 
scientific attitude, portraits and biographical accounts of emi- 
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nent chemists are appropriately included, often with a text dis- 
cussion of their investigations and contributions. 

(4) The fundamental theories, laws, and “tools” of chem- 
istry are developed in logical sequence in the early units. Ex- 
treme care has been taken to present these topics with sufficient 
experimental data, and to discuss them fully and clearly in 
language readily understood by high school pupils. 

(5) After the fundamental facts, theories, and principles 
have been introduced and developed, they are constantly util- 
ized to account for common observations and experiences. 
For example, the operation of the storage battery and the cor- 
rosion of metals are explained in terms of ions and electrons ; 
they are not considered simply as material to be studied and 
memorized. 

(6) The first five units lay the foundation for a modern 
elementary course in high school chemistry; the last six units 
are presented in a recommended sequence, although the order 
of presentation may be altered as the instructor desires. 

(7) A serious effort has been made to present a balanced 
course in beginning chemistry. This applies not only to the 
attempt to include all aspects of general chemistry, but also 
to the attention given to maintaining a healthy balance between 
theoretical and practical chemistry, both within and among 
the various units. 

(8) Provision has been made for individual differences in 
ability, capacity, and interest among students. At the end of 
each problem is a set of exercises designed to provide drill work 
on the minimum essentials of that problem. After the prob- 
lems, optional material is given in each unit which will furnish 
more capable or more interested students with an opportunity 
to secure greater depth or breadth in their mastery of the unit. 
This optional material takes the form of “Additional Problem 
Summary Exercises,” “Exercises in Chemical Arithm^ic,” and 
“Topics for Investigation and Reports.” 

(9) “Topics for Oral or Written Recitation” are listed at 
the end of each unit. They are designed to serve as an effec- 
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tive summary of the fundamentals intended to be mastered, 
and to provide all students with the opportunity to discuss 
these fundamentals in oral or written form. 

It is suggested that in conducting the unit recitation, each 
student be required to write a paper on one of the topics given 
in the list, or on a suitable substitute. It is also suggested that 
in so far as time and class size permit, each topic be discussed 
orally before the class by some member of the class, and that 
each student be given as many opportunities for oral recitation 
as possible during the course. 

Thus it is apparent that Modern-Lije especially 

■■'when used in conjunction with Comprehensive Units in Chemis- 
try or with the laboratory manual which has been prepared to 
accompany this text, provides a complete program for the 
teaching of chemistry, inclviding'. 

a. A modern philosophy of aims and objectives 

b. Carefully selected subject matter and activities 

c. An effective and simple organization of the materials of 
instruction 

d. A suggested technique of instruction 

e. A complete testing program especially designed to facili- 
tate intelligent and effective remedial instruction 
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INTRODUCTION TO THE STUDENT 


You are about to begin a study of chemistry that presum- 
ably will extend through at least one school year. To help you 
succeed in this study, the following sections have been pre- 
pared for you to read and to think about. They attempt to 
answer some of the most vital questions asked by beginners 
in chemistry. 

What does modern-life chemistry deal with? Everything 
in the universe is made up of chemical materials, some of which 
are common enough to be familiar to everyone. Earth, air, 
water, petroleum, metals, rocks and minerals, wood, rubber, 
and coal are examples. Chemistry teaches us about the char- 
acteristics and uses of such things, and of the simpler sub- 
stances out of which they are made. 

We also learn in chemistry how such materials can be altered 
so as to be of greater value to man. Chemistry tells us how 
paper and rayon can be made from wood. It teaches us how 
medicines, dyes, explosives, and flavoring agents are made 
from coal. By means of chemistry, special kinds of metals 
have been prepared that make our automobiles, trains, air- 
planes, and ships safer and more serviceable. Cement, glass, 
and pottery are among the hundreds of products made from 
minerals which we get out of the earth. Among the more 
common minerals which have high chemical value, salt, lime- 
stone, sand, and clay may be mentioned. 

Modern-life chemistry tells us about the food we eat and 
the clothing we wear. We learn how to maintain soil fertility 
to grow better foods, and we learn what happens to our food 
when it undergoes digestion. In this connection, it may be 
mentioned that the green leaf and the human body are perhaps 
the most wonderful chemical laboratories known; both are 
related to the production and use of food. The characteristics 
of different fibers have a chemical explanation, and we also 
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learn how cloth made from such fibers can be bleached and 
dyed. 

The preceding discussion is by no means exhaustive (that 
would require a large book by itself), but it gives ample evi- 



Fig. 1. In many laboratories, like the one shown above, experimen- 


tation and investigations are being carried on continually. These 
studies often result in the discovery of new products or in new ap- 


plications which are of great value and benefit to man. 


dence of the practical value of chemistry, and of its relationship 
to industry, agriculture, medicine, and the home. 

Why study chemistry? In answering this question, some 
reasons have already been suggested as to why modern-life 
chemistry is a worth-while subject to study. Let us consider 
some others, both from the standpoint of the individual and of 
society. • 

Louis Pasteur said, “Science is the soul of the prosperity 
of nations and the living soul of all progress. What really 
leads us forward are a few scientific discoveries and their ap- 
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plications.” That country with a population having a working 
knowledge of chemistry will have an extremely valuable asset. 
It will have great chemical industries; its waste products will 
be converted into useful materials; it will possess strong, hard 
metals and powerful machinery; it will have efficient com- 
munication and transportation systems; it will construct 
warm, well- ventilated homes and buildings; and most impor- 
tant of all, the health of its people will continually reach higher 
and higher standards. 

In this day, everyone will find that a knowledge of chemistry 
is a decided asset, regardless of his vocation. The farmer 
tilling the soil, the detective solving a crime, the doctor treat- 
ing a serious ailment, the magician performing a trick, the 
tradesman buying materials for construction, the housewife 
preparing a meal — all have a definite need for chemical knowl- 
edge. 

Students who seek the true explanations of commonplace 
things and happenings will find chemistry more than interest- 
ing. A command of knowledge that helps to expel from our 
vocabulary such expressions as “I guess” and “they say” is a 
vital aid in putting to rout the greatest enemies of science: 
namely, ignorance, superstition, hearsay, prejudice, and in- 
tolerance. In addition to providing information, the study of 
true explanations will help to clarify the thinking of everyone, 
and the mental exhilarations that result are very gratifying. 

It is not expected that everyone who studies high school 
chemistry will become a professional chemist. Chemistry plays 
an important part in the daily lives of all of us, and some may 
find a thread of vocational interest among the many applica- 
tions of chemistry to the fields of agriculture, industry, medi- 
cine, national welfare, and pure research. But aside from all of 
this, chemistry is worth while because it is the study par excel- 
lence for "portraying the effect and value of scientific methods 
and attitudes in human behavior. The value of these methods, 
habits, and attitudes is not confined to chemistry, but carries 
over into fields of endeavor apparently quite remote from 
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science. As Professor Horace G. Deming of the University of 
Nebraska says, “An increased capacity of enjoyment, a livelier 
interest in the world in which we live, a more intelligent atti- 
tude toward the great questions of the day are the by-products 
of a well-balanced education including chemistry.” ^ 

By way of summary, then, your study of chemistry will be 
worth while if it gives you ( 1 ) a command of useful knowledge, 
(2) an understanding of significant chemical ideas, and (3) an 
opportunity to practice the scientific method of thinking and 
to develop a scientific attitude— all of which will help you to 
live and act more efficiently and more intelligently. 

How to study chemistry effectively. In beginning your 
study of chemistry, try to develop study habits that will assure 
success. Plan your study program so you will be able to give 
daily a reasonable amount of time and energy to your chem- 
istry. Remember that the worth of your study period is 
affected by physical conditions. Best results are obtained 
when you study in a quiet room that is well lighted and well 
ventilated. Your mental attitude also influences the effective- 
ness of your study period. Make a firm decision to meet your 
assignment, and keep yOur ambition, enthusiasm, effort, and 
attention burning brightly. Remember that perseverance, self- 
reliance, patience, judgment, and pride in work well done are 
the qualities that promote success. Many students develop a 
system of taking notes as they study. They do this because 
they know that the results obtained more than compensate for 
the extra effort required. 

Thfe course presented in Modern-Life Chemistry has been 
arranged to make it easier for you to master chemistry. It is 
divided into eleven units, each of which deals with a funda- 
mental idea, principle, or aspect of chemistry. Within each 
unit, numerous study helps are provided. Their purpose is 
to help you avoid forming the bad habit of relying* solely on 
memory, and to attain B. tm& understanding of the funda- 
mentals presented. In other words, we shall assimilate the 
big ideas, the principles, and the generalizations of chemistry. 

X Science Leaflet: 10, VIII, Mar. 14, 1936, State College, Penn. 
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Assimilate means “to make a part of,” and when these aspects 
of chemistry are truly assimilated, you will think differently 
and act differently because of them. They will be a permanent 
part of your character make-up, and you can’t forget them 
even if you want to, for they are based on insights and under- 
standings and are not dependent on memory. 

Each unit is made up of four main divisions; 

1. It begins with a division called The Unit Assignment. 
Here we define the unit and gain an overview of its contents, 
nature, subdivisions, and purpose. This is comparable to 
seeing New York City from the top of the Empire State Build- 
ing. You get a general impression of the city and the inter- 
esting places to visit later, but the details are not apparent. 

2. The subdivisions of a unit which become apparent as we 
read the unit assignment are called “Unit Problems to be 
Solved,” and they constitute the second main division of the 
unit, called Assimilative Material for the Unit. The first step 
in meeting any assignment is to know what the assignment is. 
Therefore, each problem is introduced by means of a “Prob- 
lem Assignment” which further defines the central idea or 
theme of the problem. In solving a problem, keep this main 
idea in mind as you do the related laboratory experiments and 
study the text material. Try to reason out the answer to the 
problem question, rather than to memorize a mass of detailed 
facts. To help you do this, and to serve as a self-test on 
minimum essentials, each problem concludes with a set of 
“Problem Summary Exercises that Everyone Should Do.” The 
problems are divided into sections, numbered consecutively 
through the book. 

3. The third main division of a unit contains Optional 
Material for the Unit, intended to provide an opportunity for 
interested students to gain greater depth and breadth in their 
mastery of the unit. Here you will find “Additional Problem 
Summary Exercises,” “Exercises in Chemical Arithmetic,” and 
“Topics for Investigation and Reports.” 

4. After you have seen New York City and have been to 
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its interesting sights for a detailed visit, you will want to de- 
scribe your experiences and talk about them to other people. 
Likewise, after you have studied a unit, you will have an oppor- 
tunity to organize the ideas you have gained and to present 
them in oral or written fashion to your teacher and classmates. 
Following this, you may be asked to take a comprehensive test 
on the unit. The last division of a unit is therefore called 
The Unit Recitation and Test in which is given “Topics for 
Oral or Written Recitation.” 

How was chemistry started? Since the dawn of creation, 
chemical materials have been available, and chemical forces 
have been at work; but no one can say with certainty just 
where, or when, or by whom chemistry was given its start. It 
is reasonable to suppose, however, that even among the earliest 
primitive people, there must have been some individuals who 
were curious enough about these materials and forces to study 
them. It is definitely known that during the ancient civiliza- 
tions of the Egyptians, Chinese, Arabians, Greeks, and 
Romans, many inventions and discoveries of a chemical nature 
were contributed. These ancient peoples knew how to extract 
such metals as gold, silver, copper, lead, iron, and tin, and 
they put them to numerous uses. Such common materials as 
salt and clay were adapted to useful purposes. The prepara- 
tion of wines, alcohol, vinegar, dyes, and products resembling 
soap, glass, and cement was familiar. Processes of tanning 
and embalming were fairly well understood so far as their 
applications were concerned. This discussion is not complete, 
but it gives us an idea of how the ancients helped to promote 
the growth of chemical knowledge. 

During the Middle Ages, a strange and interesting form of 
chemistry, called alchemy, flourished in Europe. For various 
reasons, this practice was associated with the monasteries, and 
because of the strange chemical changes observed but not 
understood, alchemy became a curious mixture of science, re- 
ligion, black magic, and superstition. History records many 
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unbelievable tales concerning the alchemists, and through each 
of them runs one of three ideas: 

(1) The idea of transmutation of the elements. By this is 
meant the belief that all of the baser metals could be changed 
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Fig. 2. An alchemist at work. Contrast this picture with that of a 
modern laboratory shown in Figure 1. 


into gold. While this may seem foolish to us, it probably 
seemed a very real possibility to the alchemists who mixed a 
powdered rock-like material (iron ore) with a black powder 
(charcoal) and upon heating it obtained a silvery metal (iron). 

(2) The idea of the Philosopher’s Stone. This was believed 
to be a magical sort of material that would enable its owner to 
work worrders in curing disease, prolonging life or restoring 
youth, and changing other metals into gold. Ponce de Leon 
was motivated by the idea of the Philosopher’s Stone in seek- 
ing the Fountain of Perpetual Youth in Florida. 
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(3) The idea of the Universal Solvent. This liquid was be- 
lieved to have power to dissolve all things, and thus to be of 
much help in making gold. Some alchemists claimed to have 
located the Universal Solvent, but apparently no one inquired 
as to what they kept it in. 

It is not to be inferred that alchemy was entirely without 
useful results. In their search for the Philosopher’s Stone and 
the Universal Solvent, the alchemists treated many materials in 
various ways. As a result, they achieved considerable im- 
provement in methods of distillation and heat treatment, and 
they prepared many new and important chemicals. During 
the period of alchemy, bismuth, zinc, antimony, mercury, and 
phosphorus were discovered. One alchemist, named Paracelsus, 
established a branch of chemistry known as iatrochemistry, 
the main purposes of which were to discover, prepare, and use 
medicines for curing the sick. The unfortunate fact is that a 
few individuals practiced alchemy for the purpose of swindling 
other people. Some claimed to be able to make gold, and suc- 
ceeded in selling their supposed knowledge to gullible persons 
for enormous sums. It is reported that King Frederick of 
Wurzburg erected a special gallows to be used only for the 
hanging of alchemists. 

Interest in finding the Philosopher’s Stone gradually dimin- 
ished, however, and practical problems began to claim more 
and more of the attention of workers in the chemistry of the 
time. By the beginning of the eighteenth century, some very 
significant questions were being studied and debated: namely, 
Why do some things burn, while others do not burn? What 
has air to do with burning? What is the difference between a 
substance before and after it burns? Modern-life chemistry 
is generally considered to have begun when the correct answers 
to these questions were worked out. The story of the men who 
solved these problems is a part of Unit One, with rwhich we 
now begin our course in chemistry. 
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UNITONE 

FOUNDATIONS OF CHEMISTRY 


I. THE UNIT ASSIGNMENT 

Defining the unit. Our most important task is to build a 
firm and broad foundation for our course in chemistry. We 
want to become acquainted with the materials with which the 
chemist works and with the processes which he employs. No 
less important is an understanding of the laws which govern 
the science of chemistry, and which have been brought to light 
by the great chemists of the past. This unit affords an oppor- 
tunity to learn five such laws. Their early appearance in our 
study signifies their importance. 

The chemist works with material things; and everything 
that has weight, whether it is a solid, a liquid, or a gas, is a 
form of matter. The chemist sees a world of continual change: 
solids change to liquids, liquids change to gases. But what is 
more important, the composition of matter undergoes con- 
tinual change. Rocks disintegrate and form soil; plants grow 
and manufacture sugars and starches; animals digest and as- 
similate food; coal burns and forms ashes and smoke; iron 
rusts; dead plants and animals decay; and we breathe air in 
order to live. These are chemical changes involving changes 
in the composition of matter. 

The chemist sees a world of oxidation, wherein the element 
oxygen is of extreme importance. Oxidation, which means to 
combine with oxygen, explains the decay of organic matter, the 
rusting of iron, the burning of fuels, the process of respiration. 
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and even the “drying” of paints. Water itself is an oxide, and 
may be produced by burning hydrogen; in fact, water is pro- 
duced whenever ordinary fuels, such as coal, wood, gas, and 
gasoline, burn in air. The problems presented in this unit will 
serve as an interesting point of departure for our study of 
chemistry. 


UNIT PROBLEMS TO BE SOLVED 

PROBLEM 1: HOW DOES THE CHEMIST RECOGNIZE AND 
CLASSIFY THE MATERIALS WITH WHICH 
HE WORKS? 

PROBLEM 2: WHAT CHANGES DOES MATTER UNDERGO? 

PROBLEM 3: WHY IS OXYGEN SUCH AN IMPORTANT 
ELEMENT? 

PROBLEM 4; WHAT FUNDAMENTAL CHEMICAL LAWS 
ARE ILLUSTRATED BY THE COMPOUNDS 
OF OXYGEN AND HYDROGEN? 
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II. ASSIMILATIVE MATERIAL FOR THE UNIT 

PROBLEM 1: HOW DOES THE CHEMIST RECOGNIZE 

AND CLASSIFY THE MATERIALS WITH WHICH HE 

WORKS? 

Problem Assignment. To those who have not studied 
chemistry, the world seems to be made up of a large num- 
ber of unrelated materials; but to the chemist there is a 
simple scheme of classification. It is the purpose of this 
problem to explain how one kind of matter is distinguished 
from another, and how the various kinds of matter are 
classified. 

1. Matter and energy. Everything in our environment 
may be classified into one of two groups: namely, matter and 
energy. Science teaches us that anything that has weigh*t and 
occupies space is a form of matter, common examples of which 
are steel, wood, petroleum, water, and air. Energy is defined 
by the scientist as the ability to do work. Heat, light, elec- 
tricity, and motion are familiar examples of energy. 

The study of the properties of matter and energy and of the 
transformations which they undergo is known as physical 
science. It is customary to divide physical science into two 
divisions, known as chemistry and physics. Physics deals with 
the transformations of matter which do alter its composi- 
tion. Chemistry is primarily concerned with the study of 
transformations of matter that do alter its composition. Such 
a study deals with the causes of chemical changes; the energy 
transformations related to these changes; and the laws which 
govern them. 

2. Physical properties of matter. Since the chemist deals 
with many kinds of matter, he must have methods of identify- 
ing them. We recognize our friends by their personal appear- 
ance. In a similar manner, the chemist recognizes the different 
kinds of matter by ih&ix physical properties. 

Important physical properties include those easily detected 
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by the human senses, such as odor, taste, color, and compara- 
tive weight. Salt and sugar look very much alike, but they can 
readily be distinguished by their tastes. A piece of polished 
aluminum looks very much like a similar piece of steel, but 
the difference in weight is quite perceptible. Other physical 
properties readily understood include boiling point, melting 
point, hardness, ability to conduct heat and electricity, ability 
to dissolve in water, and physical state. 

3. Physical states of matter. Perhaps the simplest plan 
of classifying materials is on the basis of their physical state. 

Everyone recognizes metals 
and rocks as solids; alcohol 
and water as liquids; and air 
and steam as gases. Every 
known form of matter occurs 
in one of these three states. 
Solids have a definite volume, 
are rigid, and retain their 
own shape. Liquids, as we 
know from our experience 
with water, have a definite 
volume but always take the shape of their containing vessel. 
Gases are very elusive, and can be kept only in closed 
containers. They have neither definite shape nor volume, the 
latter depending upon the conditions of temperature and pres- 
sure. Gases and liquids are sometimes called fluids because 
they have the ability to flow. 

For purposes of classification, the physical form of matter, 
that is, its size and shape, is of very little importance as com- 
pared to its physical state. Copper, for example, retains all of 
its identifying properties and remains a solid regardless of 
whether it is made into wire, spouting, or screen. 

4. Chemical properties of matter. Chemical properties 
describe how a substance behaves when it is exposed to other 
chemicals, or what happens to it when it is treated with heat, 



Fig. 3. The three states o£ mat- 
ter. A gas-iiiled balloon, a flask 
containing a liquid, a hatchet 
which is a solid. 
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light, or electricity. Iron has a tendency to rust when exposed 
to air and moisture; coal has the capacity of burning when 
heated to a certain temperature in a good supply of air; a 
photographic film undergoes a decided transformation when ex- 
posed to light; and water can be converted into hydrogen and 
oxygen gases by means of the electric current. All of these 
examples illustrate chemical properties of the respective kinds 
of matter. In listing the chemical properties of a material, we 
may also wish to know if it will support burning, and how it 
behaves when treated with water, acids, or other chemicals. 
Chemical properties are just as important as physical prop- 
erties in thd identification of substances. 

If the study of physical and chemical properties of ma- 
terials appears to be emphasized as the course progresses, it 
should be remembered that they are fundamental to the cla.'ssi- 
fication of matter. What is perhaps even more important, 
from a practical standpoint, is that the uses for materials de- 
pend upon their distinctive properties. 

3. Composition and classification of matter. We have 
seen that materials may be classified as solids, liquids, or gases. 
Such a classification, however, is based upon the physical state 
of matter, and does not take into account chemical composi- 
tion. Granite, salt, and coal are all solids, but quite obviously 
are different materials. So it is with alcohol, gasoline, and 
water;, natural gas, carbon dioxide, and air. The chemist has 
need for a classification based upon chemical composition. On 
this basis, all matter can be classified as elements, compounds, 
or mixtures. 

6. Chemical elements. After years of experimental in- 
vestigation, chemists have been able to resolve all of the many 
varieties of matter which exist in our complex world into a 
relatively Jew substances which cannot ordinarily be broken 
down into simpler substances. These fundamental kinds of 
matter are called elements. The ancients had their list of ele- 
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ments including earth, air, fire, and water; but Robert Boyle, 
the renowned Irish scientist (Fig. 4), first gave us the present 

accepted idea of chemical 
elements. He insisted upon 
this definition: ylw element 
is a substance which cannot 
be broken down into sim- 
pler substances by any 
known chemical process. 

Elements like silver, zinc, 
aluminum, iron, copper, 
nickel, chromium, tin, and 
lead are classified as metals. 
Sulfur, carbon, phosphorus, 
oxygen, hydrogen, nitrogen, 
and chlorine are classified 
as non-metals. The proper- 
ties of at least some of these 
elements are sufficiently fa- 
miliar to us to explain why 
such a classification is 
made. 

The number of known 
elements is ninety-two, but 
many of them are rare and 
seldom, if ever, seen. The number of common elements, as 
given in Table 1, is less than forty. 

7. Names and symbols of elements. Many elements 
have been named in honor of countries dear to their discov- 
erers; others have been named for the source of their first dis- 
covery or preparation; and others have been given names 
suggesting some distinctive property. Mme. Curie named a 
new element polonium as a tribute to Poland, the land of her 
birth. Illinium, alabamine, and virginium are the only three 
elements to have been discovered by Americans, and were so 
named in honor of the States of Illinois, Alabama, and Vir- 



Fig. 4. Robert Boyle (1627-1691). 
An Irish natural philosopher who 
discovered the relation between 
the pressure and volume of a gas 
at constant temperature ; investi- 
gated the expansive force of freez- 
ing water ; and made important 
experiments in electricity. 
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Common Elements and Their Symbols 


Aluminum ...... 

AI 

Mercury 

....... Hg 

Antimony ...... 

Sb 

Neon 

...... .Ne 

Arsenic ■ . . . 

...... .As 

Nickel 

Ni 

Bismuth ....... 

Bi 

Nitrogen 

....... N 

Bromine . ....... 

Br 

Oxygen ........ 

....... 0 

Calcium ........ 

.Ca 

Phosphorus . ... . 

P 

Carbon ......... 

....... C 

Potassium ...... 

...... .K 

Chlorine ........ 

Cl 

Platinum ....... 

...... .Pt 

Chromium 

Cr 

Radium 

Ra 

Copper 

Cu 

Silicon ......... 

Si 

Gold 

Au 

Silver 

Ag 

Hydrogen ...... 

H 

Sodium ........ 

Na 

Iodine . . . . ..... 

... ....I 

Sulfur 

.......S 

Iron . . . . . ...... 

Fe 

Tin 


Lead . . . . . . . ... . 

Pb 

Tungsten ....... 

,W 

Magnesium ..... 

Mg 

Zinc 

...... Zn 

Manganese ..... 

Mn 




ginia, respectively. Helium was first discovered in the sun, 
and was named from the Greek word helios, meaning “sun.” 
The name bromine is also from the Greek word bromos and 
means “stench.” Some elements, tantalum md thorium for 
example, have been named for ancient mythical gods or heroes. 

Symbols are abbreviations for the names of the elements. 
Many symbols are simply capitalized first letters of the names 
of elements. However, since the names of several elements 
begin with the same letter, it is necessary to use some other 
distinguishing letter from the name as a symbol. The second 
letter of a symbol is never capitalized. To illustrate, C is the 
symbol for carbon; N is the symbol iot nitrogen. The s 5 nnbol 
lox boron is B; for barium, Ba; and iox .beryllium, Be. In 
some instances, symbols derived from Latin names of the ele- 
ments have been perpetuated. Thus, Na is from natrium, the 
Latin name for sodium; Hg for mercury is derived from hy- 
drargyrum; and Pb for fead comes from the Latin word plum- 
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hum. By international agreement, chemists the world over use 
the same symbols. 

8. Distribution of elements. Figure 5 illustrates the dis- 
tribution of elements in nature. It shows that oxygen is by 
far the most abundant element, making up about half of the 

weight of the solid crust of 
the earth. Oxygen also con- 
stitutes about 89 percent by 
weight of the waters of the 
earth, and about 2 1 percent 
by volume of the earth’s at- 
mosphere. Silicon is second 
in abundance, being about 
half as plentiful as oxygen. 
These two elements, plus the 
six most abundant metals, 
make up about 98 percent of 
the earth’s crust, including 
the rocks, soil, bodies of 
water, and atmosphere. The 
remaining 2 percent is made up of over eighty other elements. 
The majority of elements occur chemically combined with 
other elements, and comparatively few are found in nature in 
the uncombined state as jree or native elements. 

A relatively small number of elements seems to be necessary 
to life. Most organisms of the plant and animal worlds are 
made up almost wholly of carbon, hydrogen, and oxygen. The 
average chemical composition of the human body in percent- 
ages is given on the next page in Table 2, prepared by Profes- 
sor H. C. Sherman. 

9. Chemical compounds. Although there are only 
ninety-two known elements, several hundred thousand chemi- 
cal compounds of these elements have been prepared and 
studied. Water, salt, sugar, sand, limestone, and carbon diox- 
ide are familiar examples. They are not always found in a 
pure condition, however. 



Fig. 5. Percentage distribution o£ 
elements in the earth’s crust. 
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TABLE 2 


Chemical Composition of the Human Body 


Oxygen 

. . . , 65.00% 

Sodium 

0.15% 

Carbon ....... 

. ... 18.00% 

Chlorine 

0.15% 

Hydrogen 

. ... 10.00% 

Magnesium .... 

. 0.05% 

Nitrogen 

. . . . 3.00% 

Iron .......... 

. 0.004% 

Calcium ...... 

. . . . 1.50% 

Iodine 

. 0.00004% 

Phosphorus . . . 

. ... 1.35% 

Fluorine 

traces 

Potassium .... 

1.35% 

Silicon 

traces 

Sulfur ........ 

. ... 1.25% 

Other elements. . 

traces 


The outstanding fact about chemical compounds concerns 
their composition. Compounds are always composed of two 
or more elements chemically combined. This fact can be 
proved by two methods: (1) analysis, which consists of break- 
ing a compound down into its elements; and (2) synthesis, 
which means to build up a compound from its elements. The 
chemist has proved by analysis and by synthesis that water is 
a compound; first, by decomposing it into hydrogen and oxygen 
by the electric current, and second, by causing these same two 
elements to unite to form water. 

Chemical investigation has also proved that any given com- 
pound always has the same percentage composition by weight, 
regardless of how it is prepared or where obtained. Pure water 
is always found to consist of 88.81 percent oxygen and 11.19 
percent hydrogen by weight. Pure table salt is always com- 
posed of 39.3 percent sodium combined with 60.7 percent 
chlorine by weight. 

The examples given emphasize one of the fundamental 
truths of chemistry : namely, every pure compound has its own 
definite composition by weight. This is known as the Law of 
Definite Composition. It is defined as follows: A compound is 
a substance composed of two or more elements chemically com- 
bined in a definite ratio by weight. 

10. Mixtures. Only one more class of matter remains to be 
discussed. It includes all materials which are not elements or 
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compounds, but which may be mixtures of elements, or com- 
pounds, or both. Mixtures are very important, for most ma- 
terials found in nature or manufactured by man belong to this 
class of matter. Soil, air, glass, cement, and solutions— such 
as salt or sugar in water — are examples of mixtures. 

11. Elements, compounds, and mixtures. The funda- 
mental differences between elements, compounds, and mixtures 
can be demonstrated by reference to the following simple 
experiment. 

If we weigh out definite portions of iron filings and sulfur 
and grind them together in a mortar, we get a substance which 
seems to be homogeneous in appearance. However, if we 
should spread this substance on a fiat surface and then pass a 
magnet over it, particles of iron cling to the magnet. This 
proves that the substance is a mixture, for the iron would not 
behave in this way if it were combined with the sulfur. 

If we should now transfer this intimate mixture of iron 
filings and sulfur to a test tube and heat it strongly in a Bunsen 
flame, we would observe a glow occurring at the bottom of the 
tube. This glow gradually moves upward throughout the en- 
tire contents even though the tube is removed from the flame. 
Inspection of the contents after the tube has cooled shows a 
hard, grayish-black substance. A magnet passed over this sub- 
stance does not attract iron particles to it. A new substance 
has been formed which can be identified by the chemist as 
iron sulfide, consisting of 63.6 percent iron and 36.4 percent 
sulfur by weight. 

Before being heated, the iron and the sulfur were the in- 
gredients of a mixture; after being heated, they are the con- 
stituents of a compound. The ingredients of a mixture may 
be present in any ratio, but we have learned that a chemical 
compound is always composed of two or more elements com- 
bined in a definite ratio by weight. ' 

The outstanding characteristics of mixtures and compounds 
may be summarized and contrasted as shown in the following 
table. 
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TABLE 3 

Compounds and Mixtures Compared 


Mixtures 

Compounds 

1. The proportion of each ingredient 
may vary widely. 

1. The proportion of each constituent 
never varies. 

2. There is no evolution of any form 
of energy, such as heat, light, or 
electricity, during the preparation 
of a mixture. 

2. In the preparation of any com- 
pound, energy in some form is al- 
ways absorbed or liberated. 

3. The ingredients of a mixture can 
often be separated by mechanical 
means. 

3. The constituents of a compound 
can be separated only by chemical 
processes. 


Problem Summary Exercises that Everyone Should Do 

1. Name five examples each of matter and energy. 

2. Briefly describe the ways in which the two physical sciences 
are concerned with matter and energy. 

3. Distinguish between the physical form and the physical state 
of a material. 

4. List three examples of each physical state of matter. 

5. Name five chemical and five physical properties often used in 
identifying materials. 

6. Explain why chemical properties are more reliable than physi- 
cal properties as a basis for classifying materials. 

7. Name at least one important use for each of the following ma- 
terials, and name several chemical or physical properties upon which 
each use depends: (a) glass; (b) soap; (c) copper; (d) diamond; 

- 

8. Name five examples of each of the three classes of matter 
based upon chemical composition. 

9. Write one meaningful statement about each of the following 
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topics pertaining to elements: (a) Definition of an element; (b) 
The number of elements; (c) The names of elements; (d) The 
symbols of the elements; (e) Metallic and non-metallic elements; 
(f) Elements in the earth’s crust; (g) Elements in the human body; 
(h) The occurrence of the elements. 

10. What are some chemical differences between elements, com- 
pounds, and mixtures? 

11. Write one meaningful statement about each of the following 
topics pertaining to compounds: (a) Number and occurrence of 
compounds; (b) Composition of compounds; (c) Definition of a 
compound; (d) Law of Definite Composition. 

12. Name ten materials common to everyday life and classify 
them as elements, compounds, or mixtures; give at least one reason 
for your classification of each. 

PROBLEM 2: WHAT CHANGES DOES MATTER 
UNDERGO? 

Problem Assignment. We have learned how the 
chemist recognizes and classifies matter. In this problem 
we shall try to understand the primary concern of chem- 
istry, namely, chemical transformations. It is important 
that we be able to identify materials, but this is prelimi- 
nary to a more fundamental aspect of chemical science: 
namely, the nature and control of transformations which 
alter the composition of matter. 

12. Transformations of matter. Observation of common 
things around us indicates that all kinds of matter undergo 
change. Some things change slowly during the course of 
years; other changes take place “quicker than a wink.” 
Centuries have been required for the rocks to weather and dis- 
integrate to form the layer of soil on the earth, but the ex- 
plosion of a charge of dynamite takes place in a fraction of a 
second. Iron rusts, wood rots, and matches burn; glass 
breaks, water evaporates, and ice melts. Unlimited ^examples 
could be cited to prove that matter is constantly charigm g in 
form, physical state, or chemical composition. This indicates 
the necessity for making a distinction between physical and 
chemical changes. 
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13. Physical changes of matter. When a piece of chalk is 
ground to a powder, it ceases to be a stick of blackboard 
crayon, but we still recognize the fine particles as chalk. Such 
a change is merely one of subdivision, or a change in physical 
jorm. A change in physical state is illustrated by the changing 




Fig. 6. Transformation of en- 
ergy. From left to right, these 
pictures represent: the forma- 
tion of coal ages ago; mining 
the coal today; burning the 
coal in a steam boiler; using 
the steam to run an engine; 
turning a dynamo to generate 
electricity; and transforming electrical energy into motion, heat, 
chemical action, light, and sound. 



of ice to water, water to steam, steam to water, or water to ice. 
Steam, water, and ice are recognized as the same chemical sub- 
stance in different physical states. Chopping wood into kin- 
dling and drawing a bar of silver into wire illustrate changes in 
physical jorm. The melting of paraffin, the evaporation of gas- 
oline, and the hardening of molten lead are examples of changes 
in the physical state of a substance. None of these changes 
alters the chemical composition of the substance involved. 

14. Heat transformations that accompany changes in 
physical state. We all know that heat is required to melt ice 
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and to change water into steam. But we may not all know 
that just as much heat is liberated when a given weight of 
steam condenses to water as was originally absorbed when the 
water was converted into steam. Experiments have proved 


Fig. 7. The rusting of iron, the souring of milk, and the burning of a 
candle are common examples of chemical change. 

that changes in the physical state of a substance are always 
accompanied by heat-energy changes. 

The fact that the “heat absorbed always equals the heat 
liberated” is another of the fundamental truths of science. 
This fact is stated as the Law of Conservation of Energy, and 
means that energy can be neither created nor destroyed. Ex- 
perimental studies have shown, however, that energy can be 
transformed, and all energy can be traced back to its original 
source in the sun (Fig. 6). 

15. Chemical changes of matter. We have defined a 
physical change as a transformation which does not alter the 
composition of matter. Then, a chemical change is a trans- 
formation which does alter the composition of matter. In 
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every chemical change, one or more new substances are always 
formed. 

Numerous examples of chemical changes are to be found. 
The souring of milk, the charring of sugar, the baking of 
bread, the softening of hard 

and important field of chem- 
istry. 

16. Law of Conserva- 
tion of Matter. Experi- 
ments have proved that re- 
gardless of the chemical or 
physical changes which mat- 
ter may undergo, the quan- 
tity of matter remains the 
same. The total weight of 
the substances entering into 
a chemical change just equals 
the total weight of the 
products formed during the 
transformation. Thus we 
encounter another fundamental truth of science. It is known 
as the Law of Conservation of Matter, and means that matter 
can be transformed hut it can be neither created nor destroyed. 
This fact was established fay the great French chemist, Lavoi- 
sier (Fig. 8). During his experiments on the nature of burn- 
ing, Lavoisier carefully weighed all ol the materials used. He 


Brown Brothers 

Fig. 8, Antoine Laurent Lavoisier 
(1743-1794). A French chemist 
whose achievements cause us to 
call him “the father of modern 
chemistry.” He established the 
Law of Conservation of Matter; 
developed the true explanation of 
burning ; named the elements oxy- 
gen and hydrogen; and made many 
improvements in industrial proc- 
esses. He became involved in the 
French Revolution and was exe- 
cuted on the guillotine. 
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found that the weight of the products formed was identical 
with the weight of the original materials. The fundamental 
meaning of the Law of Conservation of Matter will become 
more apparent in the study of later units. However, it may be 
very helpful to review briefly a simple experiment which dem- 
onstrates this law. 

About IS cc. (cubic centimeters) of barium chloride solu- 
tion should be put into a small test tube and this lowered into 
an Erlenmeyer flask containing SO cc. of sodium sulfate solu- 
tion. A stopper should be 
inserted tightly into the 
flask, after which the whole 
system should be weighed. 
If the flask is carefully in- 
verted so the two solutions 
become mixed, evidence of 
a chemical change will be 
observed. The formation of 
a white, insoluble solid indi- 



Fig. 9. The weight o£ the prod- 
ucts of a chemical change is equal 
to the weight of the original sub- 
stances. 


cates a chemical transforma- 
tion. If the flask and con- 
tents are again weighed and 


the weights compared, the 
two weights will be found to be identical (Fig. 9) . This proves 
that during the chemical transformation no weight has been 
lost or gained. 


17. Chemical reactions, reagents, and equations. The 
experiment just described furnishes an excellent opportunity 
to learn something about the language of chemistry. The 
chemist speaks of a chemical change as a chemical reaction, of 
the substances entering into the reaction as reagents, and of 
the new substances formed as poducts of the reaction. It is 
convenient and frequently desirable to write a condensed state- 
ment of what happens during a reaction. This is known as an 
equation. The word equation for the reaction in the experi- 
theht;^u|fegiyen:fc 




rig. iu. me weatiiering ot rocJis is an example 
of chemical change that takes place very slowly. 

and sodium sulfate react, the products of the react 
barium sulfate and sodium chloride. The sodium chL 
soluble and remains in solution; but the barium sulh 
white, insoluble solid. The formation of an insolub 
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Barium Chloride + Sodium Sulfate 

Barium Sodium 

Chlorine Sulfur 

Oxygen 

Barium Sulfate -f Sodium Chloride 

Barium Sodium 

Chlorine 

Oxygen 


There are various ways of reading such an equation but a 
common interpretation is as follows; When barium chloride 
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Stance as a result of a chemical reaction in solution is called 
precipitation, the solid being known as the precipitate. 

18. The control of chemical reactions. Chemical reac- 
tions are influenced by the conditions under which they take 
place. The chemist has learned how to regulate the more com- 
mon conditions which govern chemical reactions. This knowl- 


Fig. 11. Blasting powder explosion. An example of chemi- 
cal change that takes place almost instantaneously. 


edge enables him to control chemical action in a desirable way. 
For example, he knows that 

(1) Some substances react when brought into contact with 
each other. If a piece of phosphorus is exposed to air at ordi- 
nary temperatures it soon takes fire and burns vigorously. 
Knowing this, you will understand why phosphorus must be 
kept under water. Another common example of chemical ac- 
tion on contact is the rusting of iron when exposed to air. 
Painting is one method commonly used to prevent this reac- 
tion. 

(2) Some substances react only when they are dissolved and 
their water solutions are mixed. Baking powder is a mixture 
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of several chemicals which do not undergo chemical change as 
long as the mixture is kept dry. When water is added; the 
various compounds dissolve, and chemical action begins imme- 
diately. Other common processes dependent upon chemical 
reactions in solution are the dyeing of fabrics, the bleaching of 
cloth, and the developing of photographic film. 

(3) Energy in one form or another is usually an aid to 
chemical action. When we strike a match, it is the heat 
produced by friction that causes 
the chemical reaction known as 
burning to take place. Foods 
are kept in refrigerators at rela- 
tively low temperatures in order 
to prevent the chemical reac- 
tions that cause them to spoil. 

Many industrial reactions take 
place only at extremely high 
temperatures produced by spe- 
cially designed furnaces. 

The manufacture of carbo- 
hydrates in the leaves of green 
plants illustrates a chemical 
change caused by light. This 
same form of energy also causes 
a photographic film to darken, 
and is also utilized in making 
blueprints. Substances which 
may undergo undesirable chemical changes when exposed to 
light are usually kept in dark blue or brown bottles to prevent 
such changes. 

The use of electricity to promote chemical changes has be- 
come widespread. Many industries are founded upon chemi- 
cal reactiens brought about by this form of energ}^. A com- 
mon example of such a reaction is the electrolysis of water 
(Fig. 12). Other factors which influence chemical action are 
pressure, concentration, and catalysis. Their nature and im- 



posed into hydrogen and oxy- 
gen by the electric current. 
Careful measurement shows 
that the gases are evolved in 
the ratio of two parts of hy- 
drogen by volume to one of 
oxygen. 
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portance will become apparent as we gain more experience with 
chemical reactions. 

19. Energy changes accompanying chemical reactions. 
Careful studies of chemical reactions prove that every chem- 
ical change either absorbs or liberates energy in one form or 
another. Heat and light are liberated whenever a substance 
burns; chemical action in a storage battery or dry cell con- 
verts stored chemical energy into electrical energy. We bum 
coal, wood, or gas to liberate energy for use in heating our 
homes and buildings and in cooking our food. 

The chemist is especially interested in the heat energy 
changes that accompany chemical reactions. The manufac- 
ture of lime, cement, and glass are industrial chemical reac- 
tions that require great amounts of heat and take place only 
at high temperatures. Such changes are classified as endo- 
thermic, or heat-consuming, reactions. On the other hand, the 
combustion of all fuels is a heat-producing reaction. Reac- 
tions which evolve heat are termed exothermic reactions. The 
production and control of energy through a knowledge of 
chemical reactions are among the great problems facing man- 
kind. 


Problem Summary Exercises that Everyone Should Do 

1. Give two examples each of physical and chemical changes, and 
state one reason for your classification of each. 

2. What is meant by the Law of Conservation of Matter? The 
Law of Conservation of Energy? 

3. State and explain three examples illustrating the transforma- 
tion of energy. 

4. What relations exist between a change in physical state and 
heat energy? 

5. Briefly tell the meanings or uses of the following \erms: (a) 
chemical reaction; (b) chemical equation; (c) chemical reagent; 
(d) reaction products. 
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6. Tell the meaning of the following word equations : 

Calcium chloride + Silver nitrate -» Calcium nitrate + Silver chloride 
Iron + Sulfur Iron sulfide 

7. Name three factors which regulate chemical activity^ and give 
two examples of each. 

8. What relationship exists between a chemical change and en- 
ergy changes? 

9. Give an example of an endothermic reaction; an exothermic 
reaction, 

PROBLEMS: WHY IS OXYGEN SUCH AN IMPORTANT 
ELEMENT? 

Problem Assignment. Ralph Waldo Emerson once 
wrote, “All history resolves itself very easily into the biog- 
raphy of a few stout and earnest persons.’’ So it is with 
the story of chemistry. In arriving at an understanding of 
the main idea of this problem, as well as of others to fol- 
low, we shall review the contributions of some of the early 
masters of chemistry. You will do well to reflect seriously 
upon the attitude of mind, the patience, the perseverance, 
and the method with which these men worked. 

We shall begin our study of oxygen with the story of its 
discovery and historical importance. Then we shall be- 
come acquainted with its physical properties and chemical 
conduct, for the uses of oxygen are determined by such 
characteristics. 

20. History and discovery of oxygen. Associated with 
the discovery of oxygen are the names of two great chemists: 
Joseph Priestley (Fig. 13) and Karl Wilhelm Scheele. In 
1774, while experimenting with gases, or “airs,’’ and the effect 
of heat on various materials, Priestley floated a red powder at 
the top of a column of mercury in a tall cylinder whose mouth 
was immersed in a dish of mercury. He heated this red pow- 
der, which we now know as mercuric oxide ^ by the aid of a 
strong burning-glass, and discovered that a colorless gas was 
evolved. 
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Mercuric Oxide Mercury + Oxygen 
Mercury 
Oxygen 



He studied its properties and was surprised to find that a 
candle burned in it with extreme vigor, and that mice placed 

in it behaved as though in- 
toxicated. In his book en- 
titled Experiments and Ob- 
servations on Different Kinds 
of Airs, Priestley writes, “I 
have gratified my curiosity 
by breathing it. The feeling 
of it to my lungs was not 
sensibly different from that 
of common air, but I fancied 
that my breast felt peculiarly 
light and easy for some time 
afterwards. Hitherto, only 
two mice and myself have 
had the privilege of breath- 
ing it.” Priestley did not 
realize the importance of his 
discovery. 

Karl Wilhelm Scheele 
(Fig. 14) is also given credit 
for the discovery of oxygen. 
Students have learned from 
a study of his notes and let- 
ters that he discovered oxy- 
gen at least a year before 
Priestley did. Because of a 


Fig. 13. Joseph Priestley (1733- 
1804). Born in England and edu- 
cated for the ministry, Priestley 
was not successful in the pursuit 
of such a career. In 1776, Benja- 
min Franklin visited England and 
after meeting him, Priestley de- 
cided. to devote the rest of his life 
to science. Although a co-discov- 
erer of oxygen, Priestley defended 
the phlogiston theory of burning. 
He emigrated to America and 
spent the last ten years of his life 
in Northumberland, Pennsylvania. 


delay on the part of the pub- 
lisher in printing the report of his findings, his discovery was 
not made known until after that of Priestley. It was Priest- 
ley’s work, however, which really influenced the subsequent 
development of chemistry. 
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21. Preparation of oxygen. The method and materials 
we use in preparing a substance often depend upon the quan- 
tity we wish to obtain. Oxy- 
gen is usually prepared ^^in 

cent oxygen and 92 .6 percent 

by the electrolysis of water. 

In the laboratory, oxygen Karl Wilhelm Scheele 

is rather easily prepared by (1742-1786). Scheele was a Swed- 

decomposing potassium chlo- kolaSd'^TnditudSd 

rate. A small quantity of many compounds, and discovered 

potassium chlorate crystals 

is put into a hard glass test elected to the Swedish Academy 

tube, and the apparatus is 

arranged as shown in Figure portunity to become a teacher, 
16. When heat is applied, 
the potassium chlorate melts 

and a gas bubbles over into the collecting bottle. The word 
equation for this reaction is: 


Potassium Chlorate — » Potassium Chloride -f- Oxygen 

Potassium Potassium 

•Chlorine Chlorine 

Oxygen 


After the air has been expelled from the generator, the pres- 
ence of concentrated oxygen can be shown by lowering a glow- 
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ing splint into a bottle of gas, whereupon the splint bursts into 
flame. This constitutes a fairly reliable test for pure oxygen. 

22. Catalysis. When preparing oxygen by this method, it 
is common practice to mix manganese dioxide with the potas- 
sium chlorate before heating it. This causes the action to take 
place more quickly and at a lower temperature. Chemical 
examination shows that the manganese dioxide goes through 

the reaction unchanged, and it can 
be recovered in its original condition 
from the residue in the generator by 
the simple mechanical processes of 
solution and filtration. For these 
reasons the manganese dioxide is not 
shown in the word equation for the 
reaction. 

Chemists have found by experi- 
ment that many substances influence 
the speed of chemical reactions ap- 
parently by their mere presence. 
Such substances are known as catdy- 
tic agents, and the process of using 
them is known as catalysis. The 
chemical composition of the catalyst is not permanently altered 
as a result thereof. Many industrial reactions are hastened 
or retarded by the use of catalytic agents. 

23. Physical properties of oxygen. Oxygen is a colorless, 
tasteless, odorless gas, and is slightly heavier than air, one liter 
weighing 1.429 grams. By the application of pressure and 
low temperature, oxygen can be changed into a pale blue liquid 
which boils at — 183° C. Under ordinary circumstances about 
30 cc. of oxygen will dissolve in 1000 cc. of water. This s mall 
solubility of oxygen leads us to classify it as a slightly soluble 
gas. Because of this property, we are able to collectr it in the 
laboratory by the displacement of water. Very soluble gases 
obviously could not be collected in this manner. Aquatic life 
is dependent upon the slight solubility of oxygen in water. 



Fig. 15. How Priestley 
first prepared oxygen from 
mercuric oxide. 
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The chemical behavior of oxygen may very well be studied 
by reviewing some of the contributions of a brilliant French 
chemist already mentioned, Antoine Lavoisier. 

24. Fire and burning. Much of our present-day knowl- 
edge concerning the nature of chemical change can be attrib- 
uted to the fact that one of the earliest mysteries to arouse the 



curiosity of man was ordinary fire. A stick of wood, when 
heated, darkens and smolders; then it suddenly bursts into 
flame. Heat and light are produced as the fire crackles; the 
wood splits open; and the flames and smoke leap upward into 
the air. Finally, only ashes remain. How can it be explained? 
What becomes of the wood? What is the true explanation for - 
burning? 

25. Phlogiston theory. One of the first explanations to 
receive serious consideration was advanced in 1717 by the 
German physician Stahl, and was known as the phlogiston 
theory. This was the first theory in the history of chemistry. 
It was a good theory in some respects, but it had several weak- 
nesses which finally resulted in its downfall. 
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Among the known jacts which any theory of burning had to 
account for were two outstanding observations: (1) nearly all 
burnable materials had to have air in order to burn; and (2) 
metals gained in weight when they were heated in air, but re- 
mained unchanged when heated out of contact with air. 

According to the phlogiston theory, every burnable material 
contained phlogiston, and this was believed to escape when the 
material burned. This accounted for the crackling and fuming 
and smoking of a fire. Substances which would not burn were 
believed to contain no phlogiston. To explain why air was 
necessary to burning, this theory held that phlogiston had to 
have air to “escape into” upon leaving the burning material. 
In accordance with this view, Priestley named his newly dis- 
covered gas “dephlogisticated air” because things burned so 
vigorously in it. 

The phlogiston theory finally had to be abandoned because 
it could not adequately explain the fact that metals gain in 
weight when heated in air. The followers of this theory “ex- 
plained” such gain in weight by assuming that phlogiston had 
negative weight— that it weighed less than nothing — and that 
the more phlogiston that escaped, the more the burning object 
weighed. The fallacy of such reasoning is obvious. 

26. Lavoisier’s experiments. The true explanation for 
burning was finally developed by Lavoisier as the result of two 
brilliant experiments which he performed. The story of these 
experiments is a classic for portraying the scientific method of 
investigation and attitude of mind. 

In his first experiment on burning, Lavoisier put a weighed 
, amount of tin into a glass flask and carefully sealed the neck 
of the flask so that no air could enter or escape during the 
experiment. He weighed the flask and its contents, and then 
heated it carefully until the tin appeared to be converted into a 
white powder. After cooling, the whole system wis checked 
and found to be unchanged in weight. A partial vacuum inside 
the flask was indicated by the inrush of air when the seal was 
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broken. Careful measurement showed that the flask had then 
increased in weight by precisely the same amount as had the 
tin itself. Lavoisier concluded that the “burning” of tin con- 
sisted of a chemical union of the tin with some gas from the 
air within the flask. By using large amounts of tin, he was 
able to satisfy himself that only a portion of the air was used 



Courtesy “Journal of Chemical Education" 


Fig. 17. Diorama at A Century of Progress Exposition showing 
Lavoisier performing his “twelve days’ experiment,” 

in burning, for then some air was left over in contact with un- 
changed tin. 

Lavoisier later devised and performed a second experiment 
which verified his first and also supplied him with sufficient 
data to formulate his oxygen theory of burning. He heated 
mercury in a measured volume of air for twelve days until a 
considerable amount of red mercuric oxide had been formed 
(Fig. 18). The decrease in the volume of the air was care- 
fully measured and recorded. The red powder was then re- 
moved and heated at a higher temperature, resulting in the 
liberation of a gas and the formation of mercury. Lavoisier 
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collected the gas and determined that its volume was equal to 
the decrease in the volume of the original air used. Chemical 
examination showed this gas to be identical with the gas Priest- 
ley had discovered. Lavoisier’s further experiments with the 
gas led him to believe it to be a constituent of all acids. There- 
fore, he named it oxygen, meaning in Greek “acid-producer.” 



Fig. 18. Kind of apparatus Lavoisier used 
in performing his “twelve days’ experi- 
ment.” 


We now know, however, that oxygen is not a constituent of all 
acids. 

As a result of his experiments, in 1777 Lavoisier summed 
up his oxygen theory of ordinary burning about as follows: 

1. Both heat and light are produced in all combustion. 

2. Materials ordinarily burn only in oxygen. 

3. Oxygen is used up by the burning material, and the in- 
crease in weight of the burning material is equal to the loss in 
weight of the air. 

27. Oxygen is important because it supports life. Oxy- 
gen makes up about two-thirds of the weight of our bodies and 
almost eight-ninths by weight of water. Air contains about 
21 percent of oxygen by volume. The oxygen of the air is vital 
to practically all life. Man breathes air for the oxygen it con- 
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tains, and human beings cannot live in air containing less than 
about 1 1 percent of oxygen by volume. 





Official Photograph of U» S. Army Air Corps 


Fig. 19. Aviators equipped for flying at high altitudes. Note the 
two containers of liquid oxygen and the face masks for breathing 

the oxygen. 


Further evidence of the importance of oxygen to life is 
shown by some of its many uses. Aviators carry a supply of 
liquid oxygen when ascending into the rarefied atmosphere of 
high altitudes (Fig. 19). Supplies of oxygen are likewise car- 
ried aboard submarines for use during undersea voyages. 
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Oxygen is often used in rescue work, especially in mine dis- 
asters, and in applying artificial resuscitation (Fig. 20). It is 
commonly used during the administration of anesthetics both 
for medical and dental surgery, and is often used in the treat- 
ment of pulmonary diseases, especially pneumonia (Fig. 21). 



Fig. 20. Gas mask and apparatus for mine-rescuers. 


28. Oxygen is important because it is a purifying agent. 
The earth is a pleasant place to live largely because of the 
purifying qualities of oxygen. The decay of dead plants and 
animals and waste matter is chiefly a process of slow oxidation, 
and man has learned to dispose safely of the sewage of large 
cities by exposing or spraying it into the air (Fig. 22). Many 
cities safeguard their water supply in a similar manner. The 
water is sprayed into the air as a fine mist, the tiry droplets 
offering an enormous surface for the action of oxygen in ren- 
dering objectionable bacteria and organic matter harmless. 






Fig. 22. Use o£ oxygen as a purifier. After the solids have been 
removed, sewage is often sprayed into the air to purify it by oxi- 
dation. 
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People today also recognize the value of fresh air in promoting 
personal health. 

29. Ozone. An activated form of oxygen is sometimes 
used as a disinfectant in the treatment of water in swimming 
pools and in the purification of water supplies, especially in 
some European cities. It can also be used in purifying air, 
and is a good deodorant. The name of this form of oxygen is 
ozone, it is formed by the passage of electric discharges 
through air, and some of you may have noticed its peculiar 
odor around electric generators in action. The greater activity 
of ozone as compared with ordinary oxygen is believed to be 
due to its greater energy content. Some of the electrical en- 
ergy is converted into stored chemical energy when ozone is 
prepared: 

Oxygen -j- Energy ^ Ozone 

The use of the symbol indicates that the reaction is re- 
versible; that is, it may proceed either way according to condi- 
tions. Ozone may decompose into oxygen with the liberation 
of energy. 

Small quantities of ozone exist in the atmosphere at an alti- 
tude of about 40 miles. The total thickness of this ozone layer 
of the atmosphere would measure less than one-eighth of an 
inch if it were subjected to sea-level pressure. It is very for- 
tunate for us that ozone absorbs the extreme ultraviolet rays 
coming from the sun but permits the passage of ultraviolet 
light which prevents the disease known as rickets. The short- 
wave ultraviolet rays would blister our skin and blind our eyes 
if they were not absorbed by this atmospheric layer of ozone. 
According to C. G. Abbot, Secretary of the Smithsonian In- 
stitution,^ “It is astonishing and even terrifying to contemplate 
the narrow margin of safety on which our lives thus depend. 
Were this trifling quantity of atmospheric ozone removed, we 
would all perish. If it were ten times greater, we could not 
live. Rickets would prevail universally.” 

1 C. G. Abbot, *‘Solar Radiation/^ Smithsonian Report, 1932. 
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The relation of oxygen to ozone is interesting because it 
shows that different substances may be composed of the same 
chemical element. Such modifications of the same chemical 
element are called allotropic forms of that element. Thus, 
ozone is said to be an allotropic form of oxygen. We shall 
find that other elements — notably carbon, sulfur, and phos- 
phorus— exist in several allotropic modifications, each having a 
different energy content and different properties, but the same 
chemical composition. 

30. Oxygen is important because it supports burning. 
Whenever any substance unites with oxygen, the process is 
called oxidation. Some oxidations are slow, while others take 
place very rapidly. Iron slowly rusts in air by uniting with 
oxygen, but in an atmosphere of pure oxygen it may be caused 
to burn vigorously. Whenever oxidation takes place so rapidly 
that light in addition to heat is evolved, we speak of it as burn- 
ing, or combustion. The chemist thinks of any chemical union 
with oxygen as oxidation, and also of any chemical reaction 
producing light as burning. It has been determined experi- 
mentally that the quantity of heat liberated during a given 
chemical reaction is the same, regardless of whether the oxida- 
tion takes place slowly or rapidly. 

31. Speed o£ oxidation. The speed with which different 
substances oxidize varies. In the case of the rusting of iron, 
it is so slow as to escape notice. In other instances, it is so 
rapid we call it combustion. Disregarding the nature of the 
combustible material, the three factors having most to do with 
the speed of oxidation are temperature, size or fineness of the 
particles, and concentration of oxygen. These factors may be 
used to regulate the speed of oxidation in the following man- 
ner:: : 

(1) One method of controlling the speed of a reaction is to 
regulate the temperature. Everyone knows that a lump of 
coal will burn more rapidly in the hot fire of a furnace than in 
a camp stove. It has been determined that increasing the tern- 
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perature 10° C. generally doubles the speed of the reaction. 
Those who have ever kindled a fire also know that materials 
have to be heated to certain temperatures before they take 
fire and burn. For any given material, this temperature is 
known as its kindling point, and is the temperature at which 
combustion begins. 

(2) The use oj small particles increases the speed and com- 
pleteness of combustion: For this reason, many industrial 



Fig. 23. A coal-dust explosion conducted for experimental purposes. 
The possible disastrous eifects of such an explosion are easily 
imagined after studying this picture. 


concerns burn powdered coal in their furnaces. Since oxida- 
tion takes place upon contact and at the surface of the burning 
material, it is clear that to subdivide the material is to increase 
the amount of surface exposed and thereby allow oxidation to 
take place more quickly. Common experience with kindling- 
wood verifies the truth of this statement. 

(3) The rate of burning can also be speeded up by increas- 
ing the supply oj oxygen. When more oxygen is furnished, 
combustion may proceed more rapidly. Some industries use 
compressed air, or even blasts of oxygen, for promoting com- 
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bustion. Ordinary burning will not occur in air containing less 
than about IS percent oxygen by volume. 

We can also apply this knowledge to controlling or extin- 
guishing fires, for if we can either cut off the supply of oxygen, 



Fig. 24. In this explosion of pulverized sugar dust 
in an eastern refinery, 12 men were killed, 24 were 
injured, and a large quantity of sugar was de- 
stroyed by the fire following the explosion. 

reduce the temperature sufficiently, or remove the combustible 
material, the fire will be extinguished. Sand, blankets, and 
most fire extinguishers simply cut off the supply of oxygen and 
smother, the fire; water, however, also cools the burning ma- 
terial below its kindling point. 

32. Spontaneous combustion. Old rags greasy with ani- 
mal or vegetable oils sometimes take fire without apparent 
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cause. Haystacks and coal stored in bunkers have also been 
known to take fire by this method. Such an occurrence is 
spoken of as spontaneous combustion, but it is not so mys- 
terious as it seems. 

When oxidation proceeds slowly, and heat is liberated faster 

than it is conducted away, 
the temperature of the ma- 
terial undergoing oxidation 
is increased. This leads to 
more rapid oxidation, and 
this in turn causes a more 
rapid liberation of heat. 
Finally, the kindling tem- 
perature may be reached, 
and the material bursts into 
flame. Knowing the condi- 
tions which lead to spon- 
taneous combustion, we 
should be able to avert such 
happenings. Greasy rags, 
for example, should be kept 
in fireproof metal contain- 
ers, or should be disposed 
of by burning. 

33. Dust explosions. 
Another type of disaster 
easily explained in terms of 
oxidation is dust explo- 
sion. Having seen that oxi- 
dation is speeded up by subdividing the combustible material, 
it is easy to understand how powdered materials, or dusts, may 
present enough surface to oxidize so rapidly as to cause an 
explosion. Coal, starch, flour, and other combustible'’ dusts in 
confined quarters always present this hazard. By the process 
of combustion, these finely divided particles are almost instan- 


Courtesy Air iieduction tsales Company 

Fig. 25. Welding with the oxy- 
acetylene blowtorch. 
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taneously changed into gases having a volume many times 
greater than that of the original substances. This great in- 
crease in volume causes the explosive effect. Destructive dust 
explosions, often involving the loss of life, have occurred in 
mines, grain elevators, flour mills, and around threshing ma- 
chines. 

34. Products of burning. Since ordinary burning is a 
chemical union with oxygen, we would expect the products of 
burning to be compounds of oxygen. Experimental investiga- 
tion verifies our expectations. Most fuels are composed prin- 
cipally of carbon and hydrogen, and the burning of such a fuel 
results in the conversion of these two elements into carbon 
dioxide and water, respectively. A simple experiment will 
suggest the method of verifying this fact. 

If a burning candle is lowered into a clean, dry, wide-mouth 
gas bottle and is allowed to burn for a few moments, a con- 
densation of moisture will be observed on the inside of the 
bottle. This shows that water is a product of ordinary burn- 
ing. If the candle is then removed and clear limewater is 
poured into the bottle, shaking it vigorously causes the forma- 
tion of a white precipitate in the limewater. This constitutes 
a test for carbon dioxide and proves ihat carbon dioxide is a 
product of ordinary burning. The word equations for the two 
main reactions in ordinary burning are: 

Hydrogen -f- Oxygen Water 

Hydrogen 

Oxygen 

Carbon + Oxygen — > Carbon Dioxide 

Carbon 

Oxygen 

35. Oxygen is important because it combines with so 
many elements. Oxygen combines with the great majority 
of both the metallic and non-metallic elements. Many ele- 
ments, such as sulfur, phosphorus, and magnesium, will burn 
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in atmospheric oxygen, but others combine with it only when 
heated to high temperatures, or when put into pure oxygen; 

Sulfur -f Oxygen Sulfur Dioxide 

Sulfur 

Oxygen 

Magnesium -f Oxygen Magnesium Oxide 

Magnesium 

Oxygen 

Copper -f- Oxygen Copper Oxide 

Copper 

Oxygen 


Cutting metal with the oxy-acetylene bloiytorch. 

elementary substance burns in oxygen, the produc 
An oxide is a compound composed of two ele- 
of which is oxygen. 
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36. Oxygen is important because it is useful in industry. 
Large quantities of oxygen are prepared from liquid air or by 
the electrolysis of water for industrial applications. It is gen- 
erally stored in strong steel cylinders under high pressure (Fig. 
25). The chief industrial use of 
pure oxygen is to secure high tem- 
peratures for use in cutting or weld- 
ing metals (Fig. 26). It is generally 
used in connection with acetylene or 
hydrogen in a specially constructed 
burner. The ordinary laboratory 
blast-lamp is constructed on the 
same principle, and may be studied 
as an illustration of how the oxy- 
acetylene blowpipe works (Fig. 27). 

We must not overlook the impor- 
tance of atmospheric oxygen as an 
important raw material or reagent 
in chemical industry. Many chemi- 
cal reactions require oxygen from 
the air as one of the raw materials. 

This is especially true of the manu- 
facture of sulfuric acid, nitric acid, 
and the extraction of metals from 
their ores. The operation of the 
blast furnace in the production of pig iron uses about four 
times as much air as the weight of the metal produced. The 
use of air to promote rapid burning and to furnish high tem- 
perature is an industrial use of oxygen. 


Pkoblem Summary Exercises that Everyone Should Do 

1. Discuss the contributions of Lavoisier, Priestley, and Scheele 
in giving the world a true explanation for burning. 

2. Prepare a tabulated list of the physical and chemical proper- 
ties of oxygen. 



Fig. 27. An oxy-acetylene 
blowtorch. The heat of 
the oxy-acetylene flame 
burning at the mouth is 
greatly intensified by the 
oxygen which issues from 
the inner tube. 
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3. Distinguish between the terms oxidation, combustion^ and 
burning. 

4. Name and explain three factors or conditions necessary for 
burning. 

5. Tell how a general knowledge of these factors may be applied 
to the control of fire. 

6. Name the two chief products of ordinary burning, tell what 
general class of compounds they belong to, and name four other ex- 
amples of this class. 

7. Name five uses of oxygen, and name the physical and chem- 
ical properties upon which each use depends. 

8. Define and give an example of allotropy; of catalysis. 

9. Compare oxygen and ozone in as many ways as you can. 

10. Name three ways of preparing oxygen, and explain the ad- 
vantages of each. 

11. Give the chemical explanation for a dust explosion; for spon- 
taneous combustion. ' 

12. Define or explain oxide; kindling temperature. 

PROBLEM 4: WHAT FUNDAMENTAL CHEMICAL 

LAWS ARE ILLUSTRATED BY THE COMPOUNDS OF 
OXYGEN AND HYDROGEN? 

Problem Assignment. A study of the composition of 
water, together with a study of the reactions between the 
elements composing it, will reveal three chemical laws upon 
which the science of chemistry is built. There are two 
methods of investigating the composition of water: namely, 
decomposing it into its elements, and building it up from 
its elements. We have already studied one of the elements 
of water somewhat in detail, and shall continue by next 
turning our attention to a study of hydrogen. 

37* History and discovery of hydrogen* Although hy- 
drogen was collected and observed long before it Vas recog- 
nized as an element, Sir Henry Cavendish of England (Fig. 
28) was the first to make a thorough study of it and describe 
it as an individual gas. Cavendish prepared hydrogen by the 
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action of an acid on a metal and also by passing steam over 
hot iron. In a paper published in 1766, he called it “inflam- 
mable air.” He made no claim to being the discoverer of the 
gas, however, for he wrote 
that the explosiveness of a 
mixture of the 'gas and air 

had been observed by others. ' ' ■ j 

38. Occurrence and dis- . / ‘ ‘ 

tribution of hydrogen. Hy- ■ ’ / ’ ^ 

drogen is not the most plen- ’ 

tiful element on earth, but it 
is present in more chemical 
compounds than any other 

element. It occurs in the ' . ! 

foods we eat, the water we i 

drink, the fuels we burn, and ' ".'.’i 

is present in ‘ the chemical ^ '^5 

of our bodies by weight is 

hvdrogen It is a ronstitu- 28. Sir Henry Cavendish 

nyurogen. it is a consuiu ( 1731 . 1810 ). An English chemist 

exit of all living organisms, who established the fact that water 

both plant and animal, and ^ coinpound of hydrogen ^d 

combined with carbon makes discovery of hydrogen although 

up our vast supplies of natu- made no such claim. 

% , , rrx was a man of great wealth, as 

ral gas and petroleum. Hy-- wealth was measured during his 

drogen is the one element 

, ® . _ -r^ 1^^® entire interest apparently 

found tn all acids. Free being concerned with his experi* 

hydrogen does not occur in ments in science. This is the only 
.° ■ . ■ known portrait of him. 

our immediate atmosphere, 

but great quantities have been discovered in the gases sur- 
rounding the sun and a few other stars (Fig. 29). 

39. Preparation of hydrogen. Hydrogen can be prepared 
by a variety of methods. In most cases, water or certain acids 




Courtesy Mount Wilson Ubservarory 

Fig. 29. Hydrogen flames 80,000 miles high on the sun. They are 
incandescent but are not burning. Even though oxygen is also 
present, these gases do not combine because it is too hot! 

reaction is carried out in a generator as shown in Figure 30, 
and the gas is collected by the displacement of water. The word 
equations for the four possible ways of preparing hydrogen 
from these compounds are: 

Zinc 4“ Sulfuric Acid — » Zinc Sulfate + Hydrogen 
Hydrogen Zinc 

Sulfur Sulfur # 

Oxygen Oxygen 

Zinc 4” Hydrochloric Acid -~»Zinc Chloride 4" Hydrogen 
Hydrogen Zinc 

Chlorine Chlorine 
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are used as the source of the hydrogen. Four methods for pre- 
paring hydrogen are: 

(1) Metal and acid. Hydrogen is evolved by the reaction 
between zinc or iron and hydrochloric or sulfuric acid. The 
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Iron + Sulfuric Acid Ferrous Sulfate -f- Hydrogen 
Hydrogen Iron 

Sulfur Sulfur 

Oxygen Oxygen 

Iron + Hydrochloric Acid Ferrous Chloride + Hydrogen 


Hydrogen Iron 

Chlorine Chlorine 



Fig. 30. Laboratory preparation of hydrogen. 


(2) Metal and water. Certain metals are active enough to 
liberate hydrogen from water. Potassium, sodium, and calcium 


possess enough energy to react with water 
at ordinary temperatures (Fig. 31). Hy- 
drogen is evolved, and the metals are 
converted into compounds called hydrox- 
ides. One word equation will illustrate 
this kind of a reaction: 

Sodium + Water 
Hydrogen 



Oxygen 

Sodium Hydroxide + Hydrogen 
Sodium 
Hydrogen 
^ Oxygen 


Fig, 31. Preparing 
hydrogen by the re™ 
action between sodi- 
um and water. The 
sodium is wrapped 
loosely in filter 


The use of a suitable metal and acid such 


paper. 


as indicated in (1), is the most common method for preparing 
hydrogen in the laboratory. 





Courtesy Linde Air Products Company 


Fig. 32. Commercial preparation of hydrogen by means of electro- 
lytic generators equipped with gas washing tanks for cleaning the 

hydrogen. 

away from the steam to form carbon monoxide and the hydro- 
gen is set free: 

Steam -f- Coke Hydrogen -j- Carbon Monoxide 

Hydrogen Carbon Carbon 

Oxygen Oxygen 

The mixture of hydrogen and carbon monoxide and more 
steam are then passed over a catalyst of iron oxide. This 
yields a mixture of hydrogen and carbon dioxide. The hydro- 
gen is separated and purified by passing the mixture through 
water to dissolve out the carbon dioxide. 

(4) Electrolysis of water. We have already learned that 
water can be decomposed by an electric current. The water 
must contain a small amount of sulfuric acid, and a direct cur- 
rent of electricity must be used. The decomposition yields 
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both hydrogen and oxygen in 
the ratio of two volumes of 
hydrogen to one volume of 
oxygen. This is another 
commercial method of pre- 
paring hydrogen. 

40. Properties of hydro- 
gen. Hydrogen is an inter- 
esting element from the 
standpoint of both its physi- 
cal properties and its chem- 
ical conduct. It is a color- 
less, odorless, tasteless gas, 
and is very slightly soluble 
in water. Hydrogen is one 
of the most difficult gases to 
liquefy, its boiling point 
being —252.8° C. The out- 
standing physical property 
of hydrogen is its extreme 
lightness. One liter of the 
gas weighs only 0.08987 of a 
gram at standard tempera- 
ture and pressure. It is but 
one-sixteenth as heavy as 
oxygen, and is the lightest 
substance known. 

At ordinary temperatures, 
hydrogen is inactive towards 
other elements, but at higher 
temperatures, it combines 
readily with chlorine, nitro- 
gen, sulfur, and a few metals 
under suitable conditions. 
Hydrogen does not support 


Fig. 33. The electrolysis of water. 
When this apparatus is filled with 
water containing some sulfuric 
acid, and a direct current is ap- 
plied, oxygen is evolved at the 
anode A and collects in tube B, 
while hydrogen is evolved at the 
cathode C and collects in the tube 
D. The volume of hydrogen is 
twice that of oxygen. 
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burning, but is itself combustible. It burns with a very hot 
and almost colorless flame, and in doing so combines with 
oxygen to form water. Lavoisier named it hydrogen for this 
property, the name meaning in Greek “water-producer.” A 
simple method of studying the burning of hydrogen is 

suggested by Figure 34. Pure hy- 
j J drogen burns quietly in air, but a 

mixture of hydrogen and air or oxy- 
[1^ gen explodes with dangerous vio- 

\| lence. 

I 41. Oxidation and reduction. 

The readiness with which hydrogen 

f unites with oxygen is one of its out- 

standing chemical characteristics. 
Free hydrogen, or the hydrogen of 
fuels, not only combines with the 
, ,. oxygen of the air during burning, but 

Fig. 34. A lighted splint ua i x, u-r* i 

is extinguished when in- hydrogen also has the ability to take 

troduced in^ a bottle of oxygen from certain of its com- 

barns at , the mouth of pounds under proper conditions. 

the bottk- and the splint If hydrogen is passed over heated 
Will relight when slowly , , , ' . ■ . -i ' t 

withdrawn. black copper oxide, the, oxygen com- 

bines with the, hydrogen to, lonii'. 

water, and the copper is left behind in the" free state (Fig. 35)* 

The word equation for the reaction 

Hydrogen + Copper .Oxide •--> Copper 4 * Water . 

Copper ' ' H3^drogen 

Oxygen Oxygen 


An inspection of the word equation and the composition of 
the compounds involved shows that oxygen has been trans- 
ferred from the copper oxide to the hydrogen. We have al- 
ready learned that the chemical union of oxygen with another 
substance is oxidation; therefore, we may say that in the above 
reaction, hydrogen is oxidized to water. Since copper oxide 
furnishes the oxygen it may be described as an oxidizing 




Fig. 35. Reducing heated copper oxide to copper by treating it 

with hydrogen. 



Fig. 36. When hydrogen burns in air it unites with oxygen and 

forms water. 
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agent. The chemist would also say that the copper oxide has 
been reduced to copper. The process by which one substance 
chemically removes oxygen from another substance is known 
as reduction and the substance removing the oxygen is known 



Pig. 37. Reducing copper oxide with carbon as the reducing 

agent. 


as the reducing agent. Reduction and o.xidation always occur 
together. 

One of the most widely used reducing agents is carbon. The 
reducing action of carbon may be demonstrated very easily 
by thoroughly mixing about 2 grams of black copper oxide 
with about i gram of powdered charcoal and heating the mix- 
ture in a test tube (Fig. 37). If the test tube is fitted with a 
delivery tube leading into clear limewater, the limewater turns 
milky. This proves the presence of carbon dioxide and in- 








Sjipii 


Official Photograph of U. S. Army Corps 

Fig. 38. Airship and balloon inflated with hydrogen. 

The specially designed gas bags that are used in stratosphere 
flights have usually been inflated with hydrogen. Hydro- 
gen burns, however, and is explosive when mixed with air. 
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dicates that the carbon united with the oxygen of the copper 
oxide. Copper remains in the test tube. Many metals are 
extracted from their ores by this method: 


Carbon -f- Copper Oxide ■ 

Copper 

Oxygen 


■ Copper +. Carbon Dioxide 

Carbon 

Oxygen 


As a summary of this discussion of oxidation and reduction, 
remember that 

1. Chemical union with oxygen is oxidation. 

2. The chemical removal of oxygen is reduction. 

3. Oxidation and reduction occur simultaneously. 

4. The oxidizing agent furnishes the oxygen and is reduced. 

5. The reducing agent removes the oxygen and is oxidized. 

42. Uses of hydrogen. Because of its extreme lightness, 
hydrogen has long been used in filling balloons and dirigibles. 
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Consequently, the danger of fire or explosions from lightning, 
electrical sparks, and other causes is an ever-present possi- 
bility with hydrogen-filled aircraft. Fortunately, another gas 
that is almost as light as hydrogen and will not burn has been 
discovered in sufficient quantities to insure the United States 



^HyOROSEN 

Fig. 39. Oxy-hydrogen blowtorch. 


an adequate supply. This gas is helium. Its value and ap- 
plication to air transportation are generally well known. 

The use of hydrogen with oxygen to secure high tempera- 
tures is another of its industrial applications. The American 
chemist, Robert Hare, invented the oxy-hydrogen blowpipe as 
a means of utilizing the heat of the hydrogen flame. In all 
burners based upon the same principle (Fig. 39), a current 
of the fuel gas under pressure is conducted through an outer 
tube and ignited. A current of oxygen, also under pressure, 
is forced through the inner tube and is regulated to give an 
almost colorless flame producing an intense heat. The tem- 
perature of the oxy-acetylene flame is about 2500° C. The 
cutting and welding of metals by means of the electric arc 
method is taking the place of the oxy-hydrogen blowpipe 
(Fig. 40). 

Another important industrial application of hydrogen is its 
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use in the hydrogenation of oils. Cottonseed oil, peanut oil, 
or coconut oil is treated with hydrogen in the presence of finely 
divided nickel as a catalyst, and is thereby converted into a 
solid, edible fat by chemical union with the hydrogen. Every 



courtesy cenerai liilectrie Company 

Fig. 40. Gasoline storage tank being welded by atomic- 
hydrogen welding process. 


year thousands of tons of oil are treated in this manner to be 
used as substitutes for lard. 

43. Two compounds of hydrogen and oxygen. Water 
is not the only compound of hydrogen and oxygen. Hydrogen 
peroxide is also composed of these two elements. From the 
chemical point of view, water is so important in so many dif- 
ferent ways that the biologist, the chemist, and the physicist 
all agree that we live in a “water world.” The other com- 
pound of hydrogen and oxygen is of much less importance than 
water, but "we shall find the study of its composition useful in 
helping us to understand three fundamental laws of chemistry. 

Hydrogen peroxide is prepared by the reaction of sulfuric 
acid and barium peroxide: 
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Barium Peroxide -f- Sulfuric Acid 
Barium Hydrogen 

Oxygen Sulfur 

Oxygen 

Barium Sulfate + Hydrogen Peroxide 
Barium Hydrogen 

Sulfur Oxygen 

Oxygen 

Pure hydrogen peroxide is a colorless, syrupy liquid, about 1.5 
times as heavy as water. It is unstable and may suddenly de- 
compose into water and oxygen with explosive violence: 

Hydrogen Peroxide Water -j- Oxygen 

Hydrogen Hydrogen 

Oxygen Oxygen 

Ordinary “peroxide” is a 3 percent solution of hydrogen 
peroxide in water. Such a solution is not explosive, but does 
liberate oxygen slowly. The decomposition of the hydrogen 
peroxide is retarded by the addition of a small amount of 
acetanilide to act as a negative catalyst. The addition of such 
catalytic agents as manganese dioxide or finely divided plat- 
inum greatly hastens the liberation of oxygen. 

Because of the ease with which hydrogen peroxide gives up 
oxygen, it is a good oxidizing agent. For this reason it is often 
used as an antiseptic and as a bleaching agent. The coloring 
matter of wool, silk, feathers, straw, and ivory may be made 
colorless by the oxidizing capacity of hydrogen peroxide. Its 
value as a disinfectant in cuts and wounds and as a throat 
spray is questioned. Medical investigation indicates that other 
antiseptics are much more effective in killing germs, and have 
a less harmful effect upon the tissues. 

44. Gomposition of water by volume. We have learned 
by experiment that the electrolysis of water yields two volumes 
of hydrogen and one volume of oxygen. We can also show 
that when hydrogen and oxygen combine in a eudiotneter tube, 
kept at the temperature of steam, two volumes of hydrogen 
and one volume of oxygen combine to form two volumes of 
steam. This may not sound plausible, but it is a fact that has 
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10 cc. 
OXYGEN 
LEFT 
OVER 


been proved by many experiments. The following experiment 
is one that is used to prove it. 

A eudiometer tube is filled with mercury, and its open end 
is immersed in a dish of mercury (Fig. 41). Suppose 30 cc. 
of hydrogen and 25 cc. of oxygen are introduced into the tube, 
and an electric spark is 
passed through the mixture 
between the wire electrodes. 

A slight explosion takes 
place; the mercury is first 
depressed, and then it rises 
up to the 10 cc. mark on the 
tube. Chemical tests show 
that the uncombined gas is 
oxygen, and that all of the 
hydrogen has been con- 
verted into water. The vol- 
ume occupied by the con- 
densed water is negligible. 

Hence, 30 cc. of hydrogen 
have combined with 1 5 cc. 
of oxygen. 

If a eudiometer sur- 
rounded by a jacket tube is 
used, and the vapor of a 
high-boiling-point liquid is passed through the jacket, the 
water formed may be kept in the vapor state and measured. 
It is found to occupy 30 cc. 

By experiment, then, we see that 



BEFORE 


AFTER 


Fig. 41. The eudiometer enables 
us to determine in what ratio by 
volume, hydrogen and oxygen 
combine. 


I voL 
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Thus we have shown by analysis and synthesis that hydrogen 
and oxygen form water vapor in the ratio of two volumes of 
hydrogen and one volume of oxygen to every two volumes of 
steam, provided all three gases are measured at the same tem- 
perature and pressure. Every 
effort to unite these two gases 

\Joui'tesy “Journal of C’tteiiiic^iilduca^oii' S O C Udcd ^ that 

. t. T • T when any two gases unite to 

Fig. 42. Joseph Louis Gay-Lussac , , ° , . , . , 

(1778-1850). Sir Humphry Davy JOrm a product Which IS also 

is credited with the statement that a gas, the ratio between the 
Gay-Lussac should be classed , , ,, ... 

among the greatest chemists liv- volumes OJ the combining 

ing at that time. We are indebted gases and the product can be 
to Gay-Lussac for the Law of ® ^ 77 77 7 , 

Combining Volumes. He was not expressed by small, whole 

only a teacher of chemistry but an numbers. In the instance of 

unusually skilful experimenter. , , , 

hydrogen and oxygen com- 
bining to form steam, this ratio is 2:1:2. Gay-Lussac’s con- 
clusion regarding this fundamental truth is known as the Law 
of Combining Volumes. 

46. Composition of water by weight. The most accurate 
determination of the composition of water by weight shows 
that it is composed of 1 part of hydrogen to 7.94 parts oxygen. 
We have already expressed this ratio by saying that water is 
11.19 percent hydrogen and 88,81 percent oxygen by weight. 
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The usual method for determining the composition of water 
by weight is based upon the reducing action of hydrogen upon 
heated copper oxide (Fig. 43). It is evident that if a weighed 
amount of pure copper oxide is treated with a stream of dry 
hydrogen, any loss in the weight of the heated copper oxide 



Fig. 43. Synthesis o£ water by weight. The loss in weight of the 
copper oxide tube is the weight of the oxygen. The gain in weight 
of the calcium chloride tube is the weight of the water formed. 
The difference between the weights of the water and the oxygen 
represents the weight of the hydrogen. From these results we can 
easily determine the ratio by weight in which hydrogen and oxygen 

unite. 

will be due to the withdrawal of oxygen by the hydroger*. The 
product of the reaction can be absorbed in a weighed tube of 
calcium chloride, and any increase in the weight of the tube 
will be due to the water formed. The difference between the 
weight of the water formed and the weight of the oxygen con- 
sumed in its formation will obviously indicate the weight of 
hydrogen,in its composition. That water is always formed in 
the ratio of 1 part hydrogen to 7.94 parts oxygen by weight is 
further experimental proof of the Law of Definite Composi- 
tion. The compound water conforms to this law. 
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The most accurate values from the synthesis of water are due 
to the work of Edward Williams Morley (Fig. 44), formerly a 
professor of chemistry at Western Reserve University. His 
figures are based upon a different method of approach to the 



Courtesy "Journal of Chemical Education” 


Fig. 44. Edward Williams Mot- 
ley (1838-1923). An American 
chemist and professor who is 
noted particularly for the accu- 
racy with which he determined 
the exact ratio in which hydro- 
gen and oxygen unite by weight. 



Courtesy “Journal of Chemical Education” 


Fig. 45. John Dalton (1766- 
1844). An English chemist whose 
greatest work was the establish- 
ment of the atomic theory. He 
also formulated the Law of Mul- 
tiple Proportions. 


problem. He carefully weighed and measured the volumes of 
the combining gases and the product, and found the ratio by 
weight to be 1 part hydrogen to 7.94 parts oxygen. 

47. Law of Multiple Proportions. Hydrogen peroxide 
has been analyzed and found to consist of hydrogen and oxy- 
gen combined in the ratio of 1:15.88 parts by weight. Thus 
we have the same two elements combined in different propor- 
tions by weight to form two different compounds, water and 


foundations of chemistry 59 

hydrogen peroxide. If 1 gram of hydrogen combines with 
7.94 grams of oxygen, water is the product. But hydrogen 
peroxide is composed of 1 gram of hydrogen combined with 
15.88 grams of oxygen. The ratios in which hydrogen and 
oxygen combine to form water, and hydrogen peroxide furnish 
a good example of the Law of Multiple Proportions. 

John Dalton, an English schoolmaster and scientist (Fig. 
45), concluded after much investigation that when any two 
elements^ A and B, combine to form more than one compound, 
the different weights of B which unite with a fixed weight of 
A bear a small, whole-number ratio to each other. If we let 
1 gram of hydrogen be the fixed weight of A, and let 7.94 
grams and 15.88 grams of oxygen be the different weights of 
B, then the ratio between the weights of B which unite with 
the fixed weight of A is 7.94:15.88, or 1:2. Dalton’s conclu- 
sion is known as the Law of Multiple Proportions, 


Problem Summary Exercises that Everyone Should Do 

1. What contribution did Cavendish make to our understanding 
of the chemistry of hydrogen? 

2. Discuss the occurrence of hydrogen. 

3. Name three general methods for the preparation of hydrogen 
and write a word equation for each method. 

4. Compare and contrast the physical and chemical properties of 
oxygen and hydrogen. 

5. Explain fully why oxidation and reduction should be studied 
together. 

6. Name four important uses of hydrogen. 

7. State the composition of water by weight; by volume. 

8. How does the composition of water by volume illustrate the 
Law of Cabining Volumes? 

9. How does the composition of water and hydrogen peroxide by 
weight illustrate the Law of Multiple Proportions? 
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III. OPTIONAL MATERIAL FOR THE UNIT 

ADDITIONAL PROBLEM SUMMARY EXERCISES 

1. How do the properties and uses of an element compare with 
the properties and uses of its compounds? 

2. Cite ten examples to illustrate how the chemical name of a 
compound may indicate its chemical composition. 

3. Consult a dictionary, encyclopedia, or handbook of chemistry 
and give the derivation of the name of each of the following ele- 
ments: (a) chromium; (b) iodine; (c) phosphorus; (d) tungsten; 
(e) cobalt. 

4. Distinguish clearly between exothermic and endothermic reac- 
tions and write two word equations to illustrate each. 

5. Prepare a list of word equations for the chemical reactions 
studied or referred to in this unit. 

6. Explain how the sun is the original source of the energy used 
to light our homes, propel our automobiles, and maintain life. 

7. If matter can be neither created nor destroyed, explain (a) 
what becomes of a candle when it burns; (b) how iron increases in 
weight when it rusts; (c) how our bodies lose weight during strenu- 
ous physical exercise. 

8. Predict what would happen if a glowing splint were intro- 
duced into a bottle of (a) air, (b) oxygen; if a burning splint were 
introduced into a bottle of (a) carbon dioxide, (b) oxygen, (c) hy- 
drogen, (d) oxygen and hydrogen; if limewater were introduced into 
a bottle of (a) oxygen, (b) hydrogen, (c) carbon dioxide. 

9. Citing examples from this unit to illustrate, explain what fac- 
tors determine the laboratory and commercial methods of preparing 
chemical products. 

10. Cite examples from this unit to show that the physical prop- 
erties of a substance cannot be relied upon as a means of inferring 
its chemical composition. 

11. Explain how it is possible (a) to heat our homes and cook 
our foods with gas, yet gas explosions often blow such buildings to 
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pieces; (b) to use an oxy-hydrogen blowpipe with safety, yet hydro- 
gen explosions have destroyed several airships and killed many 
people. 

12. ‘'^The world is made up of various classes of matter in dlT 
ferent physical states, all of which undergo constant change of one 
kind or another.’’ Explain what this statement means to an individ* 
ual having the chemical point of view. 

13. Write a word equation for the expected reducing action of 
hydrogen on lead oxide, and name (a) the reducing agent; (b) the 
oxidizing agent; (c) the substance reduced; (d) the substance oxi- 
dized. 

EXERCISES IN CHEMICAL ARITHMETIC 

1. Calculate the weight of 1250 cc. of mercury if its density 
is 13.6 g. per cc, 

2. Calculate the density of aluminum if a block of it measuring 
10 X 2S X 15 cm. weighs 10.163 kilograms. 

3. How many grams of oxygen could be obtained from 75 g. each 
of (a) mercuric oxide, (b) water, (c) potassium chlorate? 

4. Calculate the volume in liters of each quantity of oxygen ob- 
tained in the preceding problem. 

5. Calculate the ratio of hydrogen and oxygen by weight in 
water from the following data obtained by the reduction of copper 
oxide method : 

Weight of copper oxide and tube before experiment. 87.87 g. 

Weight of copper oxide and tube after experiment. . 83.48 g. 

Weight of calcium chloride and tube before experiment 103.26 g. 

Weight of calcium chloride and tube after experiment 108.20 g. 

6. Calculate the ratio of hydrogen and oxygen by volume in water 
from the following data obtained by the eudiometer method: 


Volume of oxygen introduced into eudiometer 16.8 cc. 

Volume of oxygen and hydrogen in eudiometer 42.0 cc. 

Volume of gas left after experiment (oxygen) 4.2 cc. 


7. How many liters of water would have to be decomposed to 
prepare 1950 liters of hydrogen? 
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TOPICS FOR INVESTIGATION AND REPORTS 

1. The Story of Alchemy 

2. The Elements of the Ancients 

3. The History of the Thermometer 

4. The History of the Metric System 

5. The Meaning and Value of Scientific Laws and Principles 

6. The Importance of Catalysis in Chemical Industry 

7. The Utilization of By-products in Chemical Industry 

8. The Life and Work of Boyle, Priestley, Scheele, Lavoisier, or 
Cavendish 


IV. UNIT RECITATION AND TEST 

To the student : You have been engaged for some time in 
solving the problems of the unit. This has required extensive 
laboratory work, intensive textbook study, and numerous other 
study activities. It is assumed that you have completed your 
solutions to these problems, and are now ready for the recita- 
tion and test over the unit. 

The recitation is a discussion of a major topic of the unit 
that requires a mastery of fundamental ideas and understand- 
ings to make it a complete and clear exposition. The recita- 
tion may be in oral or written form, but in either case should 
be based upon the assumption that your listeners or readers 
have no knowledge of the materials of the unit. It is part of 
your assignment to organize the topic logically, and to discuss 
it so clearly and comprehensively that those to whom it is ad- 
dressed will gain a clear conception of the topic as you see it. 
Explain the meaning of each new term used, and employ as 
many of the principles of the unit as you can in developing 
your recitation. It is suggested that you first make an outline 
of the topic you have selected and ask your instructor to ap- 
prove it before preparing your final paper or talk. Remember 
that one test of knowledge about a topic is the ability to dis- 
cuss it clearly. 
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Select your topic for recitation from the list given and with 
the approval of the instructor. Or you may suggest a topic 
not included in this list and ask the instructor to approve it. 

The comprehensive mastery test over the entire unit will 
follow the period devoted to recitations on the unit topics. In 
preparing for the test, it is advisable to review the questions 
asked in the unit problems and the topics for recitation. 

TOPICS FOR ORAL OR WRITTEN RECITATION 

1. The Nature of Matter and Energy 

2. The Physical Sciences 

3. The Value of the Physical Properties of Matter 

4. The Value of the Chemical Properties of Matter 

5. Three Physical States of Matter 

6. The Chemical Nature of Elements, Compounds, and Mixtures 

7. The Nature and Value of a Scientific Law 

8. The Metric System of Weights and Measures 

9. Characteristics of Physical and Chemical Changes 

10. Relations Between Energy and Chemical and Physical 
Changes 

11. The History of Oxygen and Hydrogen 

12. The Occurrence and Preparation of Oxygen 

13. The Properties of Oxygen 

14. The Phlogiston Theory of Burning 

15. The True Explanation of Burning 

16. The Importance of Oxygen 

17. Laboratory Versus Commercial Methods of Preparing Chem- 
ical Products 

18. The Occurrence and Preparation of Hydrogen 

19. The Properties of Hydrogen 

20. The Nature of Oxidation and Reduction 

21. Chemical Investigation by Analysis and S 3 mthesis 

22. Chemical Differences and Similarities Among Burning, Rust- 
ing, and Respiration 








UNIT TWO 

THE STRUCTURE OF MATTER 


I. THE UNIT ASSIGNMENT 

Defining the unit. Imagine breaking a piece of chalk into 
small bits and then grinding these to a fine powder. Would 
such a particle be the smallest bit of chalk that could exist and 
still have the chemical characteristics of chalk? The answer 
is “No.” Theoretically, if we could continue to divide these 
particles, we would finally arrive at the smallest bit of chalk 
that could exist. This particle would be called a molecule. 

Molecules are very small, but their small size does not neces- 
sarily imply that they are simple. If we could continue to 
divide molecules of water into smaller particles, the division 
would yield not smaller bits of water, but instead, particles of 
two gases whose chemical and physical properties are quite 
different. The infinitesimal units of these gases that unite to 
make up a water molecule are called atoms. 

The Greeks used the word atom to mean “indivisible.” Thus, 
substances in the atomic state were thought to be in the last 
stage of subdivision. But modern ideas, based upon experi- 
ments, tell us that even the atom is a complex little world, 
comparable to our solar system in its design and arrangement. 

What a wonderful new world science has discovered con- 
cermng*the nature of matter! And the story has only skimmed 
the pages of a great tale of mystery which is as interesting as, 
and even stranger than, fiction. One of the remarkable studies 
about atoms has revealed a method of comparing their weights. 

65 
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It is not to be inferred that individual atoms have been 
weighed, but means have been devised whereby the atoms of 
oxygen have been assigned an arbitrary, average weight value, 
and the weights of the atoms of all other elements are com- 
pared with this standard. Other studies in the structure of 
matter help us to explain chemical properties, because such 
properties are the result of the collective behavior of the atoms 
which compose the elements. In turn, the properties of atoms 
depend upon their structure. 

Symbols of the elements have often been compared to letters 
of the alphabet. Although few in number, letters can be ar- 
ranged in countless combinations to form words. In similar 
fashion, chemical symbols are used to construct formulas, which 
represent the compounds that the elements may form. In this 
unit, we shall make a study of molecules and atoms; the 
weights of atoms and molecules; atomic structure; how atoms 
combine; and how symbols and formulas constitute a summary 
of such studies. 


UNIT PROBLEMS TO BE SOLVED 


PROBLEM 1: 
PROBLEM 2: 
PROBLEM 3: 
PROBLEM 4: 
PROBLEM S: 
PROBLEM 6: 


WHY DOES THE CHEMIST BELIEVE MAT- 
TER IS COMPOSED OF MOLECULES? 

WHY DOES THE CHEMIST BELIEVE MOLE- 
CULES ARE COMPOSED OF ATOMS? 

WHAT IS MEANT BY MOLECULAR AND 
ATOMIC WEIGHTS? 

HOW DO ATOMS SEEM TO BE CON- 
STRUCTED? 

HOW DOES THE ELECTRON THEORY EX- 
PLAIN THE COMBINING OF ATOMS? 

WHAT DO CHEMICAL SYMBOLS AND FOR- 
MULAS MEAN? o 
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IL ASSIMILATIVE MATERIAL FOR THE UNIT 

PROBLEM 1: WHY DOES THE CHEMIST BELIEVE 
MATTER IS COMPOSED OF MOLECULES? 

Problem Assignment. The belief that matter is com- 
posed of extremely small, separate, and distinct particles 
can be traced back to the ancient Greek philosophers. It 
has been only a little more than a century, however, since 
this concept has been verified experimentally. The theory 
of molecules was quite a stimulus to the development of 
chemistry, and now chemists make daily use of this idea. 

In this problem, we are to consider the experimental evi- 
dence which justifies the theory of molecules, and we shall 
also try to see how the theory provides a rational explana- 
tion for many common observations. 

48. Evidence for molecules from a study of diffusion. 
The way gases intermingle and leak through the tiny pores of 
fabrics or rubber may suggest that gases are composed of 
separate small particles in rapid motion. Everyone knows that 
a toy balloon filled with air or hydrogen slowly becomes de- 
flated. One need only remove the stopper from a bottle of per- 
fume, ether, or peppermint oil to learn that liquids also vapor- 
ize and intermingle with the air of a room. Even solids^ such 
as moth balls and ^^dry ice,’’ slowly diminish in size and pene- 
trate into the surrounding atmosphere. Such a gradual mixing 
of two or more kinds of matter without the aid or application 
of any external force is called diffusion. All three states of 
matter are known to diffuse. 

(I) Diffusion in gases. If a container of hydrogen is placed 
mouth downward on a container of carbon dioxide, and the 
two are allowed to stand for a short while in contact with each 
other (Fig. 46), an equal mixture of hydrogen and carbon 
dioxide will soon be found in each globe. By their own capac- 
ity, the two gases become thoroughly mixed, even though the 
hydrogen, which is the lightest known gas, is placed on top, 
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and the carbon dioxide, which is twenty-two times as heavy as 
hydrogen, is placed below. How can this occur if these gases 
are not constructed of molecular particles which move, bump, 
and jostle each other around until they are 
thoroughly mixed? 

(2) Diffusion in liquids. Everyone has 
watched a lump of sugar slowly disappear 
upon being dropped into a cup of water, even 
though the liquid is not stirred. We say that 
the sugar dissolves. Tasting the solution 
proves the sugar to be distributed throughout 
every portion of it. These facts are ex- 
plained by assuming that sugar molecules 
break away from the lump of sugar and dis- 
solve. The dissolved molecules then diffuse 
among the water molecules, and this gradu- 
ally leads to the formation of an even mix- 
ture or solution. 

The fact that a considerable amount of 
sugar can be dissolved in a glass of water 
without materially increasing its volume suggests that there 
are spaces between the water molecules into which the mole- 
cules of sugar may fit. Further evidence in support of this 
idea is provided by an experiment with water and alcohol. 
These liquids dissolve in each other in all proportions and are 
therefore said to be miscible liquids. 

If we pour equal volumes of alcohol and water into a long 
glass tube without mixing, close each end with the finger, and 
then turn the tube end for end several times, we find that the 
total volume diminishes considerably and a slight vacuum is 
produced inside the tube (Fig. 47). The striking decrease in 
the volume of the solution, as compared to the vqlume oc- 
cupied by the two unmixed liquids, suggests that there are 
spaces between the molecules of each liquid; that the mole- 
cules of each liquid are of different sizes; and that all of the 
molecules fit together more closely after being mixed. 



c 


Fig* 46. The 
heavier gas, CO 2 , 
diffuses upward, 
and the lighter 
gas, Ha, diffuses 
downward. 
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(3) Diffusion in solids. Solids also diffuse. Experimenta- 
tion shows that if a block of lead and a block of gold are 
smoothly planed, clamped together tightly, and are allowed to 



MIXIN© MIXING 

Fig. 47. The volume after shaking the mixture is less 
than the sum of the volume of alcohol and water. 

remain"so for a long time, particles of gold diffuse into the 
block of lead, and lead diffuses into the block of gold. Appar- 
ently, even solids are composed of molecules with the self- 
contained capacity to move. 
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49. Evidence for molecules from a study of heat and its 
effect on solids, liquids, and gases. When heat is applied 
to solids or liquids, they may undergo a change in physical 
state. Some solids melt and change to liquids, while a few, 
like iodine and “dry ice,” change directly to the vapor state. 
The continued heating of a liquid, such as water, causes it to 
hoil and change rapidly to the gaseous state. We also know 
that a gas expands when heated and contracts when cooled. 
This behavior of matter can be explained very well if we 
imagine that the average motion of the molecules of solids, 
liquids, and gases is increased by the application of heat, and 
is decreased by the removal of heat. 

The molecules of gases have complete freedom to move 
about under ordinary conditions; upon being heated, their 
speed is increased and they move farther apart. The volume 
of the gas is thus increased. Likewise, the molecules of liquids 
and solids move farther apart when such matter is heated, and 
if sufficient heat energy is added, solids and liquids may be 
caused to disperse as a gas. 

Cooling a substance means that the average kinetic energy 
of motion of its molecules is reduced, and that this kinetic 
energy is transformed back into heat which is removed. If a 
gas is sufficiently cooled, the molecules come close enough to- 
gether to form a liquid. This is what happens when steam 
condenses to water. By the continued cooling of water, the 
molecules are caused to settle down to a mere vibration and 
solid ice is the result. 

50. Evidence for molecules from a study of the effect 
of pressure changes on the volume of a gas. The fact that 
an additional volume of air can be forced into an automobile 
tire which is apparently fully inflated suggests that the mole- 
cules of a gas are relatively far apart and have open spaces 
between them. Forcing more air molecules into the tire causes 
the pressure of the air inside the tire to become greater. A 
rise in temperature also results in an increase in pressure. 
When the pressure exerted on a gas is increased, the volume 



THE STRUCTURE OF MATTER 


71 


of the gas diminishes (Fig. 48). On the other hand, decreasing 
the pressure causes the volume of a gas to increase. These 
observations, as well as many others, have led to the conclusion 
that the pressure which a gas exerts is due to the impacts of 



its molecules against each other and against the molecules 
composing the sides of the containing vessel. 

51. The nature of molecules. Molecules are almost un- 
imaginably small. They differ in size, but even the largest 
are so small that more than one thousand would have to be 
placed side by side to be visible through the most powerful 
microscope. One liter of air under standard conditions con- 
tains 27 X 10®^ molecules (27 followed by twenty-one zeros). 
Langmuir, one of the best-known contemporary American 
chemists, has calculated that if the molecules in one cubic inch 
of air were changed into sand grains, there would be enough to 
fill a trench three feet deep and a mile wide, reaching from 
San Francisco to New York. Molecules are indeed small! 

Molecules have been weighed by indirect methods, and their 
weights ase highly interesting. The average weights of mole- 
cules can be calculated by dividing the weight of one liter of 
a gas by the number of molecules in one liter of the gas, 
all at standard conditions. It is now known that the ele- 
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ments are composed of atoms of different actual weights, 
but the average molecule of oxygen, for example, would weigh 
(1.429 -f- 27 X 10^^) grams. The actual average weights of 
molecules are too small for ordinary use by the chemist, but 
as explained in Problem 3 of this unit, a practical system of 
molecular weights has been devised. 

52. The kinetic molecular theory. We have presented 
evidence for the existence of molecules by mentioning (a) the 
facts of diffusion, (b) the effects of heat, and (c) the effect of 
pressure changes on gases. Such observations as have been 
described in the preceding sections have led to our belief in the 
kinetic molecular theory, the main points of which, as listed 
here, will serve as a summary of our discussion concerning the 
molecular nature of matter: 

1. All matter is composed of extremely small particles called 
molecules. 

2. All molecules of the same kind of matter are alike, at 
least in composition and average weight, but the molecules of 
unlike kinds of matter are different, at least in composition and 
average weight. 

3. Molecules do not fit together closely as though they were 
cubes, but there are spaces between them as though they were 
spheres. These spaces are smallest in solids and largest in 
gases. 

4. When a gas is compressed, the molecules are simply 
crowded closer together reducing the spaces between them. 
This causes a much greater frequency of collisions and hence 
greater pressure. 

5. Molecular velocities in liquids and solids are great 
enough to enable some molecules to break away from the body 
of matter and fly off into space. 

6. When matter is heated, the average speed o^ its mole- 
cules is increased, and when matter is cooled, the average speed 
of its molecules is reduced. The temperature of a body de- 
pends on the average velocitv of its molecules. 
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53. Standard conditions of temperature and pressure. 
We have on more than one occasion referred to “standard con- 
ditions.” It is desirable that this term be defined, and we 
shall now proceed with the explanation in the light of our 
knowledge of the molecular nature of matter. 

Since the volume of a given weight of gas varies with changes 
in temperature and pressure, and since temperature and pres- 
sure vary widely from day to day, and from place to place, 
chemists have agreed upon a set of standard conditions under 
which to measure the volumes of gases. The pressure which 
will support a column of mercury 760 millimeters high is taken 
as standard pressure. Zero degrees centigrade has been 
selected as standard temperature. This corresponds to 273° on 
the absolute temperature scale, and it is interesting to learn 
how absolute zero may be determined. 

It has long been known that any given volume of gas con- 
tracts approximately ^73 of its volume at 0° G. for each 
degree its temperature is lowered. This means that 273 cc. of 
any gas at 0° C. would diminish in volume to 272 cc. at —1° C.; 
to 271 cc. at —2° C.; and to 263 cc. at —10° C. If the tem- 
perature were lowered to —272° C., the volume of this gas 
would be decreased by the fraction ^'^%73, or to 1 cc.; and 
if the temperature were lowered to —273° C., theoretically at 
least, the gas would have no volume. This point, —273° C., 
is known as absolute zero. 

There is another way of arriving at the same conclusion. 
Experiment shows that if we have a given volume of gas at 
0° C., and lower the temperature to —1°, the pressure dimin- 
ishes by %73. If we should lower the temperature to —10°, 
the pressure would become ^%t 3 less than it was at 0°. Now, 
if it were possible to lower the temperature 273° below zero 
centigrade, the pressure would diminish by ^'^%73 or to zero. 
But, as "we have seen, pressure is due to molecular motion, 
hence, absolute zero is the temperature at which there is ab- 
sence of molecular motion. Gases have not been cooled to this 
temperature, however, because they first liquefy and then 



74 


MODERN-LIFE CHEMISTRY 


solidify before this temperature is reached. Scientists, how- 
ever, have solidified helium at a temperature within one degree 
above absolute zero, and very recent experimenters have prob- 
ably approached a temperature of within 0.001° of absolute 
zero. A study of Figure 49 will make clear the relations be- 
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Fig, 49. Comparison o£ Fahrenheit, 
centigrade, and absolute temperature 
scales. 


tween the Fahrenheit, centigrade, and absolute temperature 
scales. 

54. The gas laws. The precise relationships which exist 
between the volume of a given weight of gas and the tempera- 
ture and pressure to which it is subjected were studied and 
summarized by Charles and Boyle respectively. Their observa- 
tions and conclusions have been stated in Charles’ Law and 
Boyle’s Law. 

h) Boyle’s Law. Boyle studied the volume effects of pres- 
sure changes, and concluded that the volume of a given weight 
of gas is inversely froportional to the pressure exerted upon it, 
provided the temperature remains constant. This means that 
any increase in the pressure exerted upon it results in a pro- 
portionate decrease in its volume; likewise, any decrease in the 
pressure exerted on a gas results in a proportionate increase 
in its volume. 

(2) Charles’ Law. Since an increase in temperature in- 
creases the volume of a gas, and a decrease in temperature 
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reduces the volume of a gas, it is easy to understand Charles’ 
Law, which states that the volume of a given weight of gas is 
directly proportional to the absolute temperature , provided the 
pressure remains constant. Boyle’s Law and Charles’ Law ex- 
press the truth very closely but' not with precise accuracy. 
In applying the Law of Charles, we must be careful to use 
absolute temperature. Problems involving Charles’ Law usu- 
ally give temperatures in centigrade. These must first be 
changed to absolute. To change centigrade to absolute, add 
273 to the centigrade temperature. Thus, 25° C. equals 25 + 
273 or 298° A., 15° C. equals 15 + 273 or 288° A. 

Students interested in chemical arithmetic involving applica- 
tions of the gas laws are referred to the Appendix for directions 
and a list of problems. 


Peoblem Summary Exercises that Everyone Should Do 

1. Explain: “The volume of a gas varies with the temperature”; 
“The volume of a gas varies with the pressure.” 

2. Explain the evaporation of water in terms of the molecular 
theory. 

3. Give a molecular explanation for the fact that the volume of a 
mixture of alcohol and water is less than the sum of their individual 
volumes before mixing. 

4. What is the effect of heat on solids? On liquids? On gases? 
Give some practical examples to illustrate. 

5. In what two ways may the molecules of air be made to come 
closer together? What would happen if these processes were con- 
tinued? 

6. What is meant by absolute zero? 

7. Define standard temperature and standard pressure, and ex- 
plain why^uch conditions are necessary. 

8. State the Law of Boyle; the Law of Charles. 

9. Define or explain diffusion; dissolving; miscible liquii 

10. State the main points of the kinetic molecular theory. 
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PROBLEM 2: WHY DOES THE CHEMIST BELIEVE 
MOLECULES ARE COMPOSED OF ATOMS? 

Problem Assignment. Evidence for the atomic the- 
ory is not easily demonstrated, but like all theories in 
science it is founded largely upon data obtained from ex- 
periments. We have already studied the facts and laws 
upon which the atomic theory is based, and our problem 
now is to see how these facts and laws justify the theory of 
atoms. During this study, the nature and value of scien- 
tific theories and hypotheses will become apparent. 

55. Evidence for atoms from a study of certain facts 
and laws. (1) Decomposition of water. We have learned 
that all solids, liquids, and gases are composed of molecules. 
Any quantity of water is a vast collection of individual water 
molecules, just as a snowdrift is built up of countless millions 
of snowflakes. Therefore, when water is decomposed by elec- 
trolysis, it must be the molecules themselves which are broken 
up into hydrogen and oxygen. Thus the water molecule seems 
to be composed of smaller units of oxygen and hydrogen whose 
individual identities and properties are not apparent when 
they are combined as water. These unit particles of the ele- 
ments, which unite to form molecules, are called atoms. 

(2) Law of Conservation of Matter. According to the Law 
of Conservation of Matter, there is no loss or gain in weight 
during a chemical reaction. This observed fact can be ex- 
plained if we assume that the molecules of the reacting com- 
pounds are composed of atoms which simply rearrange them- 
selves into new molecular combinations during the reaction. 
Let us imagine a chemical reaction represented by the follow- 
ing equation: 

AB-fCD-^AD-fCB 

AB represents one molecule composed of one atom each of 
elements A and B, and CD represents one molecule composed 
of one atom each of elements C and D. During the reaction, 
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compounds AB and CD are changed chemically into com- 
pounds AD and CB. 

It is clear that there can be no loss or gain in weight, since 
there is no loss or gain in the number of atoms involved in the 
reaction. The Law of Conservation of Matter can be ac- 
counted for if we assume that the atoms of the elements have 
definite, fixed weights which remain unchanged during a chem- 
ical reaction. 

(3) Law of Definite Composition; Law of Multiple Propor- 
tions. We have learned by experiment that hydrogen and 
oxygen unite to form water in the ratio of 1 part hydrogen to 
7.94 parts oxygen by weight. The Law of Definite Composi- 
tion, therefore, indicates that the molecule of a compound is 
composed of a definite number of different kinds of atoms hav- 
ing fixed and unchanging weights. It further suggests that aw 
atom is the smallest particle of an element that can take part 
in a chemical reaction. This law can be accounted for if we 
assume that the atoms unite in a whole number ratio to form 
molecules. Then the fact that hydrogen and oxygen unite in 
a weight ratio of 1:7.94 indicates that the atoms of these two 
elements have fixed weights. 

Perhaps the most convincing evidence for the existence of 
atoms is furnished by the Law of Multiple Proportions. John 
Dalton predicted and verified this law, and then explained his 
observations and conclusions by means of his atomic theory. 
It will be recalled that water is composed of hydrogen and 
oxygen in the ratio of 1:7.94 parts by weight, and hydrogen 
peroxide is composed of the same elements in the ratio of 
1:15.88 parts by weight. The ratio between the weights of the 
variable element, oxygen, is 1:2. Here is striking evidence 
which indicates that only whole ztoms unite to form molecules. 
A study* of Table 4 will make clear the fact that chemical 
combinations take place between exact and indivisible weight 
units of the elements, and that these units of the different ele- 
ments have different weights. 
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TABLE 4 

Comparison of the Composition of Different Compounds of 
the Same Elements 


Compounds 

Parts by Weight of Each 
Element 

Ratio Among Weights of 
Variable Elements 

Water 

1 g. H 

: 7.94 

g. 0 


Hydrogen peroxide 

1 g. H 

: IS.88 

g. 0 

1:2 

Carbon monoxide 

1 g. c 

: 1.33 

g.O 


Carbon dioxide 

1 g. c 

: 2.66 

g. 0 

1 : 2 

Mercurous chloride 

1 g- Hg 

.176 

g. Cl 


Mercuric chloride 

! 1 g. Hg 

: .353 

g. Cl 

1 : 2 

Nitrous oxide 

1 g. N 

: .571 

g. 0 


Nitric oxide 

l .g. N 

: 1.14 

g. 0 


Nitrogen trioxide 

1 g. N 

: 1.71 

g. 0 


Nitrogen peroxide 

1 g. N 

: 2.28 

g.O 


Nitrogen pentoxide 

1 g. N 

: 2.85 

g. 0 

1 : 2 : 3 : 4 : 5 


56. Dalton’s atomic theory. We are indebted to the Eng- 
lish schoolmaster and scientist, John Dalton, for the chemical 
conception of the atomic theory. Dalton’s studies of the 
properties of gases led him naturally to formulate an atomic 
conception of matter (in 1803 ) . He applied this idea to chem- 
istry, particularly to the Law of Definite Composition, and 
later predicted the Law of Multiple Proportions on the basis 
of his new beliefs. The discovery and verification of this law 
established his atomic hypothesis, and chemistry was given the 
most fundamental working theory known, at least up until 
about the beginning of the twentieth century. 

The main points of Dalton’s atomic theory have already 
been mentioned, but it may be well to summarize them here: 
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1. All elements are composed of minute particles called 
atoms. 

2. The atoms of a given element are all alike and have the 
same fixed, average weight, but the atoms of different elements 
are unlike and have different fixed, average weights. 

3. Compounds are formed by the chemical union of definite 
numbers of atoms of two or more elements. 

4. Atoms do not divide when taking part in a chemical reac- 
tion; therefore, only whole atoms unite to form molecules. 

We now know, however, that atoms are not such simple 
units as Dalton believed them to be, and that during certain 
types of chemical action, atoms do subdivide. This is ex- 
plained in Section 72. 

57. Composition of molecules of elements. We can read- 
ily understand that atoms of different elements unite to form 
molecules of compounds. Up to now, however, we have made 
no explanation for the fact that many elements, such as oxygen 
and hydrogen, also exist as molecules under ordinary circum- 
stances. It is important that we understand the composition 
of molecules of the elements, the difference between an atom 
and a molecule of an element, and the distinction between a 
molecule of an element and a molecule of a compound. In 
acquiring these understandings, we shall participate in an in- 
teresting lesson in logic that admirably illustrates how the 
chemist reasons from observed facts and h 5 q)otheses. 

We are familiar with Gay-Lussac’s Law of Combining Vol- 
umes, and we know by experiment that 

2 volumes of hydrogen + 1 volume of oxygen — 2 volumes of steam. 

Gay-Lussac studied the volume relations among many other 
pairs of combining gases, and came to the conclusion stated in 
the law iJearing his name. Just why a whole number ratio 
should exist when gases unite could not be explained; that is, 
not until an Italian physicist by the name of Avogadro (Fig. 
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50 ) offered a suggestion that would' have made everything 
clear. But because his suggestion was not accompanied by 
any experimental work, chemists of his -time had very little 
respect for his ideas. As a result, the atomic theory did not 

assume its rightful impor- 

selves contain mor^ than one 

From the Lyman Chiircliill Newell ^ a ^ 

History of Chemistry Collection of U1fl6S Of UU ^GSCS* WHsthCf 

Boston University 7^7 

^ , V ^ compounds or elements, un* 

Fig. 50. Amadeo Avogadro (1776- , ^ j.. ■ . 

1856). An Italian scientist who det the SQMie COndtttOflS Oj 

formulated the principle that pressure and temperature 
equal volumes of gases at the , . , 7 t 1 

same temperature and pressure contain the same nMfnber OJ 

contain the same^jiumber of mole- molecules. This means that 

under the same conditions 
of temperature and pressure, one liter each of oxygen, hydro- 
gen, carbon dioxide, or any other gaseous substance, all contain 
the same number of molecules. 

Now that we have reviewed Gay-Lussac’s Law of Combin- 
ing Volumes and have studied Avogadro’s H5^othesis, we are 
ready to proceed with our lesson in logic proving- that one 
molecule of oxygen contains at least two atoms. The steps in 
reasoning are all numbered, and careful study will enable you 
to follow them through: 
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1 . 2 volumes of hydrogen combine with 1 volume of oxygen 
to form 2 volumes of steam. (Experimental data and Law of 
Combining Volumes.) 


Hydro- 

gen 


Hydro- 

gen 


Oxy- 

gen 


Steam 


Steam 

1 


1 


1 


1 


1 

vol- 

+ 

vol- 

+ 

vol- 

. 

vol- 

+ 

vol- 

ume 


ume 


ume 

1 


ume 


ume 


2. If we assume that the above figures represent containers 
having the same volume, then each container will have the 
same number of molecules. (Avogadro’s Hypothesis.) 

3. Let us assume, merely for purposes of explanation, that 
1000 molecules are present in the first container at the left. 
Then each of the other containers will also have 1000 mole- 
cules. (Avogadro’s Hypothesis.) 

4. This gives us a total of 2000 molecules of steam. Each 
molecule of steam must contain at least one atom of oxygen. 
Since we have 2000 molecules of steam, there must be 2000 
atoms of oxygen. (Reasonable statements of fact.) 

5. The 2000 atoms of oxygen in the steam must have come 
from the 1000 molecules of oxygen which united with the hy- 
drogen. Therefore, 1 molecule of oxygen contains at least 2 
atoms. (Only possible conclusion.) 

The chemist shows that the oxygen molecule consists of 2 
atoms by always using the /omw/a O 2 to represent an oxygen 
molecule; iih& symbol O by itself represents an oxygen atom. 
Conclusions based on reasoning similar to the above five steps 
indicate that many elements in the gaseous or vapor state 
contain two, or even more, atoms per molecule. Table S 
shows the atomic composition of the molecules of several 
elements.- 

A study of the elements listed in the table will reveal the 
fact that, in general, molecules of the metallic elements consist 
of single atoms, while molecules of the non-metals tend to be 
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diatomic. A reasonable explanation for the alio tropic modi- 
fications of oxygen is also apparent in the table. Ordinary 
oxygen molecules contain two atoms, but there are three oxygen 


TABLE s 

Number of Atoms Per Molecule for Certain Chemical 

Elements 


Element 

Atomic 

Symbol' 

Molecular 

Formula 

Element 

Atomic 

Symbol 

Molecular 

Formula 

Bromine 

Br ■ 


Oxygen 

0 

O2 

Chlorine 

Cl 

ci. 

Ozone 


Oa 

: Fluorine 

F 

F. 

Phosphorus 

, , p 

P4 

Helium 

.He 

He 

Sulfur 

s 

S3 

Hydrogen 


H3 

Mercury 

Hg 

HSa 

Neon 

'■.Ne 

Ne 

Potassium 

K . 

' K 

Nitrogen 

',"'n 

n; I 

Sodium 

■ :, Na'. , 

:.'Na, ' 


atoms per molecule in the modification known as ozone. The 
volume relations between oxygen and ozone can be easily un- 
derstood by a study of the following diagramr^ ^^^ ^^ ^ ^ 


1 mole- 
cule 


1 mole- 
cule 


1 mole- 
cule 


1 mole- 
cule 


1 .mole- 
cule 

0 0 

1 

AT"! 

S : ^ 


+ 

0 0 

' 

"■. 0 : 

'O'. 

: -i- : 



+ 

: : 

Oxygen 

+ 

O 2 


. Os:';,: 

Ozone 

: ''O'S',,, 
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From our studies concerning molecules and atoms, we may 
derive the following useful definitions: 

1. An atom is the smallest particle of an element that can 
take part in a chemical reaction. 

2. A molecule is the smallest particle of a substance that 
can exist under ordinary circumstances and display all the 
properties of that substance. 

3. Molecules of compounds are composed of two or more 
unlike atoms, and molecules of an element are composed of like 
atoms. In some instances molecules of the elements consist of 
single atoms. 

4. A physical change is a transformation of matter which 
does not alter the composition of the molecules of the sub- 
stance. 

5. A chemical change is a transformation of matter which 
does alter the composition of the molecules of the substance. 

58. Scientific facts, laws, hypotheses, and theories. We 
have now studied sufficient material to enable us to crystallize 
some ideas concerning hypotheses and theories. In doing so, 
we should also gain an understanding of the nature and mean- 
ing of the scientific method as an approach to the solution of a 
problem. Bear in mind that we are relying upon our knowl- 
edge of chemistry to clarify these ideas, although they are 
common to all branches and divisions of the whole realm of 
natural science. 

One fundamental belief of chemists is that events and occur- 
rences do not happen without causes. When faced with a set 
of observed facts for which the explanation is not apparent, 
the inquiring chemist wants to know why these facts are so, 
and how they can be explained. Even though enough facts 
may have been observed to justify the formulation of a scien- 
tific law,4he mere generalization of the law does not constitute 
an explanation for the facts. We have studied several laVs 
of chemical combination, and it is plain that the formulation 
of the Law of Definite Composition, for example, did not ex- 
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plain why chemical elements always unite in a definite ratio by 
weight. It only summarized the facts that extensive experi- 
mental investigation had proved to be true. 

When a scientist is faced with the problem of finding the 
cause for the way things happen, or the explanation for certain 
observed facts, he is likely to set up a sort of scientific guess 
to serve as a working assumption. Such an imaginary explana- 
tion is known as a hypothesis. Avogadro’s assumption that 
equal volumes of all gases contain equal numbers of molecules 
is an excellent example. This hypothesis, it will be recalled, 
was advanced as a possible explanation for Gay-Lussac’s Law 
of Combining Volumes. 

When further investigation shows a hypothesis to be in 
accord with all of the known facts, it may properly be elevated 
to the rank of a theory. It had been proved that elements 
unite in definite ratios by weight, but no one knew why. John 
Dalton clearly imagined the cause of definite composition, and 
offered his atomic hypothesis. Further investigation verified 
the usefulness of his h3^othesis, and it was definitely estab- 
lished as a theory when Dalton predicted and discovered the 
Law of Multiple Proportions. This illustrates one important 
test of a theory: namely, its value in predicting unknown facts 
and happenings. 

When a theory points the way to new discoveries which offer 
further supporting evidence for the theory, and when no new 
facts are discovered which cannot be reasonably explained by 
the theory, it is considered to be satisfactory and rapidly ap- 
proaching a statement of truth. But, when facts which con- 
tradict the theory are brought to light, the theory must be 
modified or given up entirely and a new one substituted. We 
have seen how and why the oxygen theory of burning super- 
seded the phlogiston theory, and have learned that there is so 
much evidence in favor of the oxygen theory of burning that 
it is now considered to be a statement of fact. Similarly, the 
molecular and atomic theories, and Avogadro’s Hypothesis 
have been verified so many times and by such a variety of 
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methods that chemists have come to believe them to be state- 
ments of truth. Such statements of truths are known as Laws. 

A careful study of the preceding paragraphs will show that 
the scientific method of thinking and problem-solving consists 
of the following steps: 

L The tabulation or collection of a body of facts which are 
so interesting and challenging as to demand an explanation. ' 

2. The formulation of an imaginary explanation, or hy- 
pothesis, which would explain the facts if it were true. 

3. Verification of the hypothesis to determine whether it 
conforms to all of the known facts in the case. If it does, it 
may henceforth be used as a working theory. 

4. Acceptance of the theory as a statement of truth, if no 
facts are discovered which cannot be satisfactorily explained 
by it; but modification of the theory, or the devising of a new 
one to take its place, if such new facts are brought to light. 


Problem Summary Exercises that Everyone Should Do 

1. Explain how the decomposition of water indicates the exist- 
ence of particles smaller than molecules. 

2. State the main points of the atomic theory. 

3. Explain how the atomic theory accounts for the Law of Con- 
servation of Matter by applying it to the following hypothetical 
reaction: 

AB+XY-->AY + XB 

Assume the weights of the atoms in the reaction to be A, 2; B, S; 
X, 10; Y, 3. 

4. What evidence indicates that the atoms of any given element 
have the same average weight, but the atoms of different elements 
have different average weights? 

5. What evidence indicates that atoms are indivisible and unite 
in definite, whole-number ratios to form molecules? 

6. Write the chemical symbol for an atom of oxygen; hydrogen; 
chlorine; phosphorus; mercury; helium. 
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7. Write the chemical formula for one molecule of each of the 
elements named in Exercise 6. 

8. State Avogadro’s Hypothesis and explain its meaning. 

9. In terms of atoms and molecules, explain or define; (a) chem- 
ical change; (b) physical change; (c) allotropic modifications of 
oxygen. 

10. Briefly discuss the nature and value of: (a) a scientific fact; 
(b) a scientific law; (c) a hypothesis; (d) a theory; (e) the scien- 
tific method. 

PROBLEM 3: WHAT IS MEANT BY MOLECULAR AND 
ATOMIC WEIGHTS? 

Problem Assignment. The chemist seeks to weigh 
and measure the materials with which he works, but the 
actual weights of molecules and atoms are too small for 
practical use. It is much more convenient to select the 
molecule or atom of a given element, assign an arbitrary 
weight value to it as a standard, and then compare or refer 
the weights of other molecules and atoms to this standard. 

The chemist uses such relative weights in all of his calcula- 
tions. In this problem, we are to learn which molecule and 
atom have been selected as standards, what weight values 
have been assigned to them, and what the relative weights 
of other molecules and atoms are when referred to these 
standards. 

59. Basis for determining relative weights. The relative 
weights of the molecules of all gaseous substances can be calcu- 
lated by comparing the actual weights of equal volumes. This 
can be done on the basis of Avogadro’s assumption that all such 
volumes contain equal numbers of molecules. The ratio among 
the weights of equal volumes of these gases therefore will also 
be the ratio among the weights of their individual molecules. 
Thus the first step in calculating the relative weights of mole- 
cules and atoms is to determine the weight of a given volume 
of gas. This volume is usually one liter. 

The weights of one-liter volumes of hydrogen, nitrogen, oxy- 
gen, and chlorine are as follows: 
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1 liter of hydrogen = 0.08987 g. 1 liter of oxygen = 1.429 g. 
1 liter of nitrogen = 1.2506 g. 1 liter of chlorine = 3.21 g. 

When any two of these values are compared, the ratio indicates 
how the two kinds of molecules compare in weight. As an 
example, the weights of one molecule each of oxygen and 
chlorine are in the ratio of 1.429 : 3.21. In other words, the 
chlorine molecule is somewhat more than twice as heavy as the 
oxygen molecule. Since one molecule of each of these gases 
contains two atoms, this same ratio also indicates the compara- 
tive weights of the oxygen and chlorine atoms. 

60. Standards for relative weights. Our present system 
of relative weights is based on the use of oxygen as a standard. 
There are several reasons for this choice; oxygen combines with 
a great majority of the other elements; it is easy to prepare 
and convenient to handle ; its use as a standard permits a great 
number of the other elements to have whole number relative 
weights; and all weights on this basis are numbers greater than 
one. 

For reasons which we need not discuss here, the oxygen 
molecule has been assigned an arbitrary weight value of 32. 
Now this does not mean that a molecule of oxygen weighs 32 
grams, or 32 milligrams, or 32 anything; it is simply an as- 
signed value — a number. On this basis the weight of the oxy- 
gen atom is 16, because there are two atoms in one molecule. 
These two values are used as standards in calculating the rela- 
tive weights of all other atoms and molecules. 

61. Calculating relative weights of atoms and molecules. 
Knowing the basis on which relative weights are calculated, 
and the standards to be used, simple proportion enables us to 
determine such weights from the weights of one liter of the 
various gases. For example, if the weight of one liter of oxy- 
gen is 1.429 grams and its assigned molecular weight is 32, and 
if one liter of chlorine weighs 3.21 grams, then the relative 
weight of chlorine will bear the same ratio to 3.2 1 that 32 bears 
to 1.429. This value is calculated as follows: 
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32 _ X 

L429 “ 3.21 

(2) 1.429 x= 103.04 

(3) x = 72 (approximate molecular weight of chlorine) 

Since chlorine is diatomic, its approximate atomic weight is 36. 

The approximate molecular weights of other gaseous ele- 
ments are calculated in the same way, and if they, too, are 
diatomic, their atomic weights will be one-half of their molec- 
ular weights. The molecular and atomic weights of nitrogen 
and hydrogen are calculated as follows: 


Nitrogen: (1) 

( 2 ) 

(3) 

- (4) 

Hydrogen: (1) 

( 2 ) 

(3) 

(4) 


32 _ X 

1.429 “ 1.2506 

1.429 x = 40.0192 

x = 28 (molecular weight of nitrogen) 
28 -r- 2 = 14 (atomic weight of nitrogen) 

32 _ X 

1.429 “ 0.08987 

1.429 x= 2.87584 

X = 2 (molecular weight of hydrogen) 
2 -i-2 = 1 (atomic weight of hydrogen) 


Relative weights calculated in this manner are close approx- 
imations to the true molecular and atomic weights of the ele- 
ments; other methods are used to further verify the results. 
The most accurate determinations are available in a table of 
atomic weights, such as that on page 355 of this book. This 
table is revised from time to time by an international commit- 
tee of scientists. Such a table indicates the relative weights of 
the atoms of the other elements as compared to the oxygen 
atom whose weight is arbitrarily set at 16. This table of 
weights indicates, for example, that one atom of sulfur, is twice 
as heavy as one atom of oxygen. It tells us that if the oxygen 
atom is said to weigh 16, the lead atom weighs 207.22, the 
aluminum atom weighs 26.97, the calcium atom weighs 40.08, 
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and so on for all of the elements. These numbers, of eourse, 
do not mean grams, ounces, or milligrams or any other 
weight units; they are only numbers which express relative 
weights. 

62 o' Gram molecular weight and gram molecular volume. 
The chemist generally expresses the weights of materials in 
grams, and we have just learned how the weights of molecules 
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Fig. 51. A gram molecular weight of a gas occupies a volume of 
22.4 liters at standard conditions. 22.4 liters of a gas is known as 
its gram molecular volume. 


and atoms are expressed as relative weights. The molecular 
weight of oxygen is 32, and the molecular weight of nitrogen is 
28.016. Since this means that the ratio between the actual 
weights of their molecules is 32:28.016, it follows that 32 
grams of oxygen and 28.016 grams of nitrogen will contain ah 
equal number of molecules. The molecular weight of a sub- 
stance expressed in grams is known as one Gram Molecular 
Weight of the substance. This term is usually abbreviated to 
G. M. W. Therefore, 

1 G. M. W. of oxygen = 32 g. 

1 G. M. W. of hydrogen = 2.016 g. 

1 G. M. W. of nitrogen = 28.016 g. 

1 G. M. W. of chlorine = 70.92 g. 

Careful thinking will also show that if the molecular weights of 
different substances are expressed in grams, or ounces, or 
pounds, or any other weight unit, the actual weights of the 
different substances will contain equal numbers of molecules. 

That gram molecular weights of different gaseous substances 
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contain equal numbers of molecules can easily be proved by a 
study of the volumes occupied by such weights of gases. Di- 
viding the weight of gas by the weight of one liter will, of 
course, indicate the number of liters occupied by that weight 
of gas. Therefore, 


32 g. oxygen 
1.429 

2.016 g. hydrogen 


0.08987 


= 22.39 liters 

= 22.43 liters 


28.016 g. nitrogen 
- LTS ' 

70.92 g. chlorine _ 
3.21 “ 


; 22.31 liters 


22.02 liters 


In round numbers, one gram molecular weight oj any gas- 
eous substance occupies 22.4 liters under standard conditions 
of temperature and pressure. This value is known as the 
Gram Molecular Volume, and is usually abbreviated to 
G.M.V. 


TABLE 6 

Comparison o£ G. M. W. and G. M. V. 


Gaseous Substance 

! Molecular 

1 Weight 

Gram i 

Molecular 
Weight 

Approximate Volume 
Occupied by 

1 G. M. W. OF Gas 

Oxygen 

32 

32 g. i 

22.4 liters 

Hydrogen 

2.016 

2.016 g. 

22.4 liters 

Carbon dioxide 

44 

44 g. 

■ 2 , 2 . 4 . liters. 

.. 

Sulfur dioxide 

64 

64 g. 

22.4 liters 


Gram molecular weights of all gaseous substances occupy 
equal volumes, and equal volumes of all gases contain the same 
number of molecules; therefore, gram molecular weights of all 
substances contain an equal number of molecules. Since the 
relative molecular weight of a gaseous substance expressed in 
grams occupies 22.4 liters, we may conclude that the weight in 
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grams of 22.4 liters of a substance expresses the approximate 
molecular weight of that substance. 

The meanings of the terms G. M. W. and G. M. V., and the 
relation of each to the other, should be studied very carefully, 
and the following two equations based upon these meanings 
should be learned: 

Weight of 1 Liter of Gas X 22.4 = Approximate Molecular Weight 
Molecular Weight of a Gas = Approximate Weight of 1 Liter 
22.4 


63. Determination of molecular and atomic weights. 
All molecular and atomic weights must be determined by ex- 
periment. As previously sug- 


gested, if the substance is a 
gas, or a liquid that can be 
vaporized without decompos- 
ing it, the experimenter need 
only determine the weight of 
1 liter and multiply this value 
by 22.4 to calculate the mo- 
lecular weight of the sub- 
stance. Since one liter of am- 
monia gas weighs 0.77 grams, 
its molecular weight is very 
close to 17.248 (0.77 X 

22.4). Such a determination 
is only an approximate mo- 
lecular weight, but is very 
close to the true molecular 
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weight. Other methods are 
kaown for calculating mo- 
lecular weights/ but for be- 
ginning students this method 
is perhaps the easiest to 
learn, and it meets our needs. 


Fig. 52. Theodore Richards (1868- 
1928). An Americap chemist and 
professor of chemistry at Har- 
vard Umversity who is noted par- 
ticularly for his brilliant work in 
determining atomic weights, for 
which he was awarded the Nobel 
prize in 1914. 


All of the atomic weights given in the table on the inside 


back cover of this book have been experimentally determined 
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with great accuracy. In fact, the Harvard chemist, Professor 
Theodore William Richards, was awarded the Nobel prize ^ 
in chemistry for 1914 for his brilliant work in connection with 
the determination of atomic weights. The study of definite 
procedures used in the determination of atomic weights, how- 
ever, is best reserved for students in advanced courses in 
chemistry. As beginners, it is sufficient that we understand 
the meanings of atomic weights, and have confidence in the 
ability of others to determine them. 


Problem Summary Exercises that Everyone Should Do 

1. What is the ratio among the weights of the molecules of three 
gases if the weights of one liter of each are 1.98 g., 1.64 g., and 
0.72 g.? 

2. Explain the difference between actual and relative weights. 

3. Which element has been selected as the standard for calculat- 
ing relative weights? What are its standard values? 

4. Calculate the approximate molecular weight of each gas given 
in Exercise 1. 

5. Is it possible to compute the atomic weight of an element? 
The atomic weight of a compound? Is it possible to calculate the 
molecular weight of an element? The molecular weight of a com- 
pound? 

6. Explain or define the following terms: gram molecular weight; 
gram molecular volume. 

7. How does the number of molecules in one gram molecular 
weight of a substance compare with the number of molecules in one 
gram molecular weight of any other substance? How do the num- 
bers of molecules in gram molecular volumes of different substances 
compare? 

1 Alfred Nobel, Swedish chemist and engineer (Fig. 197), established 5 prizes to be 
awarded annually without distinction of nationality. The first 3 prizes are tor emi- 
nence in physical science, chemistry, and in medical science or physiology; the fourth 
is for the most remarkable literary work; and the fifth is given to the person or so- 
ciety that renders the greatest service to the cause of international brotherhood, dis- 
armament, and peace. Recently these , prizes have amounted to approximately $40,000 
vcachi' ' 1 ; , , > , 
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8. State the formula used in calculating the molecular weight of 
a substance from the weight of one liter ; for use in calculating the 
weight of one liter of a substance from its molecular weight. 

9. Calculate the molecular weight of each of the following 
gaseous compounds from the data given: (a) one liter of carbon 
monoxide weighs 1.25 g.; (b) one liter of acetylene weighs 1.16 g.; 
(c) one liter of hydrogen sulfide weighs 1.54 g. 

10. Calculate the weight of one liter of each of the following 
gases from the data given: (a) the molecular weight of methane is 
16; (b) the molecular weight of carbon dioxide is 44; (c) the molec- 
ular weight of nitric oxide is 30. 

PROBLEM 4: HOW DO ATOMS SEEM TO BE 
CONSTRUCTED? 

Problem Assignment. We began our study of chem- 
istry by considering matter in large and tangible masses. 

As we proceeded to develop explanations for the physical 
properties and chemical conduct of matter, we learned that 
matter is of a molecular nature, and that molecules are 
composed of atoms. The story is not yet completed. 
Chemists have excellent reasons for believing that atoms, 
too, are complex, and are composed of still smaller par- 
ticles. The evidence to justify this belief, as well as the 
story of how some of the evidence was obtained, will be 
presented in this problem. 

64. Evidence from a study of static electrical charges. 
If you have ever stroked a comb through your hair and then 
used the comb to attract small bits of paper, you have ex- 
perimented in an elementary way with static electrical charges. 
It has long been known that objects can be electrified, and 
that there are two kinds of electrical charges. They are desig- 
nated by the terms positive wcA negative. An ebony rod can 
be given a negative charge by rubbing it with fur, and a glass 
rod can be given a positive charge by rubbing it with silk. 
Such charges can then be transferred to pith balls suspended 
by threads, and their relations to each other can be studied. 
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Two negatively charged pith balls repel each other; both 
are repelled by the ebony rod, but are attracted by the glass 

rod. Two positively charged 
pith balls also fly apart, but are 
attracted by the ebony rod and 
repelled by the glass rod (Fig. 
53). These facts have been 
summarized in the following 
general law of electrical attrac- 
tion and repulsion: Like electri- 
cal charges repel each other, and 
unlike charges attract each other. 
Observations of static electricity 
long ago raised the question. 
How is it possible to produce 
electrical charges on certain ob- 
jects simply by rubbing them 
with certain other materials? 
In other words, the experi- 
mental evidence suggests an 
intimate relationship between matter and energy. 

65. Evidence from a study of electrical discharges in 
vacuum tubes. Certain facts concerning the structure of 
atoms have resulted from dis- 
coveries made by scientists who 
were experimenting with glass 
tubes containing a partial vac- 
uum and having an electrode 
sealed in each end (Fig. 54). 

When an electric current is 
passed through such a tube, a 
flickering reddish light is pro- 
duced within. Two kinds of 
evidence regarding the structure of atoms have resulted from 
such studies. 


Fig. 53. In A and D, the elec- 
tric charges are unlike, and 
attraction occurs. In B and 
C, the charges are similar, 
and repulsion occurs. 



PARTIAL VACUUM 


CATHODE 


—j 

ANODE 



Fig. 54. A simple electrical 
discharge tube. When an 
electric current is passed 
through such a tube, a flick- 
ering, reddish light is pro- 
duced within. 
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(1) Cathode rays and electrons. An Englishman, Sir Wil- 
liam Crookes (Fig. 55), discovered that an object, such as a 
Maltese cross made of mica or metal, set up in the vacuum 
tube in the path of the electric discharge would cast a well- 



Fig. 55, Sir William Crookes 
(1832-1919). An English scien- 
tist who studied problems of 
radiation and invented a vacuum 
tube capable of emitting X rays. 
His work helped to prepare the 
foundation for the modern elec- 
tron theory. He also isolated 
the metal thallium and in 1907 
received the Nobel prize in 
chemistry. 



Fig, 56. Sir Joseph J. Thomson 
(1856-1940). An English physi- 
cist, noted for his work in the 
field of gases and in electricity. 
His experiments have had an im- 
portant bearing in establishing 
the electron theory and also in 
determining the masses and elec- 
trical charges of the electron 
and proton. He received the 
Nobel prize in physics in 1906. 


defined shadow (Fig. 57). This showed clearly that something 
was traveling in straight lines away from the cathode and to- 
wards the anode. This ^^something^’ was called cathode rays. 

In 1879, Crookes constructed a vacuum tube having a pair 
of parallel glass rails on which rolled a small paddle wheel 
arranged as shown in Figure 58. When the current was turned 
on, the paddle wheel slowly began to revolve towards the 
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anode When the current was reversed, the wheel stopped, and 
then slowly began to revolve in the opposite direction. This 
experiment definitely proved not only that the cathode rays 
traveled from the cathode to the anode, but also that the 

cathode rays possessed mass or 
weight. 

The fact that cathode rays were 
always repelled by the cathode and 
attracted by the anode instantly sug- 
gested that they were negatively 
charged. The deflection of cathode 
rays by a magnet held near the side 
of the discharge tube confirmed 
these suspicions (Fig. 59). 

Further experiments showed that 
cathode rays are really streams of 
tiny particles traveling at high speed 
away from the cathode. In 1897, Joseph John Thomson 
of England offered the h 5 T)othesis that these tiny particles, 
which he called electrons, were formed by the disintegration of 
the atoms of the gas in the tube. His hypothesis seemed reason- 


■* CATHODE RAYS 



Fig. 58. A Crookes tube containing 
a paddle wheel. When the current is 
turned on, the paddle wheel turns to- 
ward the anode. 

able because it had been proved that regardless of the gas con- 
tained in the tube, or the metal used in the electrodes, the 
cathode ray particles were always identical. Thomson there- 
fore suggested that the atoms of different cliemical elements 
consist, at least in part, of different aggregations of the same 
kind of particles, namely, electrons. 



Fig. 57. The opaque ob- 
ject casts a sharp shadow. 
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(2) Positive rays. No doubt you are wondering how the 
atoms of a substance can contain electrons and how that sub- 
stance will still not show a negative charge. The reason is 
that the negative charges of the electrons within an atom are 
offset by positively charged particles. The existence of such 
positive particles has been verified by experiment. 



Fig. 59. Cathode rays are deflected 
by a magnet. A, anode; C, cathode. 


In 1866, Goldstein, a German, constructed a vacuum tube 
having a perforated cathode, and he observed that during the 
passage of the electric discharge, streams of violet light passed 
through the holes in the cathode and emerged on the side away 


CATHODE RAYS POSITIVE RAVS 



Fig. 60. A vacuum tube with a perfo- 
rated cathode as shown above will dem- 
onstrate the presence of positive rays 
when the electric current is turned on. 

from the anode (Fig. 60). He called these streams of violet 
light canal rays, but they are now known as positive rays. 
This is because experiments showed that canal rays are really 
particles bearing positive charges. 

66. Positrons and protons. The smallest unit of positive 
charge known is equal to the negative charge on one electron. 
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Two such particles are now known. One is equal in weight to 
the electron and is called the positron; it was discovered by 
the American physicist Anderson in 1932. For this work he 
shared the Nobel prize in Physics in 1936 with another physi- 
cist. Another particle of unit positive charge has been found 
to equal the weight of the hydrogen atom. This unit particle 
is known as the proton, and it is about 1850 times as heavy as 
the positron or the electron. 

67. Summary of evidence concerning the composition 
of atoms. We have now studied the evidence which seems to 
indicate that all atoms are composed of still simpler kinds of 
matter or energy. This means that the atoms of all varieties 
of matter seem to be made up of the same fundamental kinds 
of matter. These fundamental units have important character- 
istic properties. Electrons seem to be minute corpuscles of neg- 
ative electricity — mere points of moving electrical energy — 
possessing a weight Visso that of the hydrogen atom. Pro- 
tons have a unit positive charge and a weight of one. They 
are much less mobile than electrons or positrons, however, and 
their speed is considerably less. The negative electrical charge 
on one electron just equals, or balances, the positive electrical 
charge on one proton or one positron. 

Another unit of matter also identified in 1932, by Chadwick, 
is called the neutron. This particle has a relative weight of 
one, the same as the proton, but it has no electrical charge. 
Thus it might be a very close union of one electron and one 
proton, or it might be one proton minus one positron. The 
true nature of neutrons has not been determined, but their 
existence has been verified experimentally. 

The foregoing discussion provides sufficient background for 
us to proceed with the consideration of some questions that 
arise as a natural consequence of this discussion: 

(1) If all atoms are composed of the same fundamental 
units, how can we account for the differences among atoms of 
different elements? 
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(2) How many fundamental particles of each kind are there 
in an atom? 

(3) How are these particles arranged within an atom; in 
other words, how are atoms constructed? 

68. Structure of atoms. Certain conclusions relating to 
atomic structure follow from the above studies : 



1. Since atoms are neutral, they must contain equal num- 
bers of positively and negatively charged particles. 

2. Since the weight of the 
electron or the positron is 
practically negligible, the 
weight of an atom is almost 
entirely due to the pro- 
tons and neutrons it con- 
tains. 

3. Since the proton and 
neutron each weigh 1, the 
atomic weight of an element 
indicates the total number of 
such particles which its 
atoms contain. 


Scientists have devised ex- 
periments which prove that 
an atom consists essentially 
of two divisions : namely, the 
nucleus and the orbits. The 


Fig. 61. Sir Ernest Rutherford 
(1871- ). An English physicist 


experiments of Rutherford 
(Fig. 61) proved that the 
weight of an atom (its neu- 
trons and protons) is concen- 
trated in a very small bundle 
at its core, and that this nu- 
cleus bears a positive charge. 
cleus is offset by an equal nu 


who in 1908 was awarded the 
Nobel prize for his classical work 
dealing with radioactive sub- 
stances, and for his theory of ra- 
dioactivity. He has also achieved 
notable success in his researches 
on the structure of the atom and 
the electrical nature of matter. 

The positive charge of the nu- 
iber of electrons outside of the 
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nucleus Rutherford’s experiments showed these outside elec- 
trons to be at a considerable distance from the nucleus, and 

suggested that atoms are 
mostly empty space. 

(1) Structure of atomic 
nuclei. A young English 
fPwP ^^ physicist, Henry Moseley 
(Fig- 62), devised a method 
for experimentally determin- 
ing the exact positive charge 
M nucleus of an atom. 

His investigations showed 

that tke positive charges on 
the nuclei of other atoms are 
•whole-number multiples of 
the charge on the nucleus of 
the hydrogen atom. Thus, 
if the charge on the hydrogen 
atom nucleus is called 1, the 
next heavier element has a 
positive nuclear charge of 2, 
the next 3, and so on for all 
92 elements. The number 
•which indicates the positive 
charge on the nucleus of any 
atom is known as its atomic 
number. 

Let us use oxygen as an 
example to illustrate how we analyze the structure of the nu- 
cleus of an atom. The atomic •weight of oxygen is 16. This 
indicates that an atom of oxygen contains a total of 16 protons 
and neutrons, These we know to be in the nucleus. The 
atomic number of oxygen is 8. This indicates that the positive 
charge of the nucleus is equal to 8 protons. If we let a + sign 
represent a proton and let n represent a neutron, the composi- 


From the Lyman Churchiii Newell 
History of Chemistry Ooilection of 
Boston University 

Fig. 62. Henry G. J. Moseley 
(1887-19X5), An English physi- 
cist and a student of Sir Ernest 
Rutherford. He studied the X-ray 
spectra of the elements and ob- 
served the frequencies of vibra- 
tion of certain X rays given off by 
elements having diiferent atomic 
weights. Moseley’s work laid the 
foundation of our present concep- 
tion of atomic numbers. He was 
killed in the World War in 1915. 
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tion of the nucleus of the oxygen atom might be shown in the 
following manner: 


Table 7 shows how the composition of the nuclei of the 
atoms of certain other elements can be derived when their 
atomic weights and atomic numbers are known. 


TABLE 1 
Atomic Nuclei 


Element 

Carbon 

Sodium 

Chlorine 

Calcium 

Bromine 

Lead 

Atomic weight 

12 

23 

35 

40 

80 

207 

Atomic number 

6 

11 

17 

20 

!',■ 35. ' 

82 

Protons in the 
nucleus 

6 

11 

17 

20 

35 

82 

Neutrons in the 
nucleus 


12 ! 

i 

18 1 

20 

45 

125 

Structure of 
nucleus 

6n 

6+ 

12 n 
ll-j— 

18n 

17+ 

20n 

204- 

45 n 
35+ 

125 n 
824- 


(2) Arrangement of electrons in orbits. Based upon ex- 
perimental evidence, two outstanding theories of atomic struc- 
ture have been proposed. The American scientists, G. N. 
Lewis (Fig. 63) and Irving Langmuir (Fig. 64), and the 
Norwegian physicist, Bohr (Fig. 65), suggested that the elec- 
trons outside the nucleus of an atom, termed satellite electrons, 
are in rather definite paths or orbits. Lewis and Langmuir 
offered an octet or cubical arrangement, while Bohr suggested 
the solar-system atom. The latter has come to be more widely 
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used and is generally accepted as being nearer the truth. This 
theory postulates that the first orbit outside the nucleus cannot 
contain more than 2 satellite electrons, while the second and 
third orbits cannot contain more than 8. 

^ ‘ ^ ^ 

gQij(j dots represent 

Fig. 63. G. N. Lewis (1875- ). Satellite electrons in the neu- 

An American chemist and Dean o£ tral atom* 
the Department of Chemistry in ^ 

the University of California. He i-'13-gratning tuC 

is noted for his investigations in structure of atoms. Let US 
the field of atomic structure. ,. ,, 

use sodium as another ex- 
ample to illustrate how the structure of an atom can be dia- 
gramed. Reference to the table of atomic weights on the in- 
side back cover of this book tells us that sodium has an atomic 
weight of 23 and its atomic number is 11. From these data 
we know that the nucleus of the sodium atom contains 23 
protons and neutrons, and that it has a positive charge of 1 1 
units. Therefore, it must have 11 satellite electrons in the 
outside orbits. The first orbit is complete with 2, the second 
orbit is complete with 8, but the third orbit will have only 1. 
The diagram to portray the structure of this atom is shown in 
Figure 67. 
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In order to diagram the structure of any atom, then, you 
need to know its atomic weight and its atomic number. The 
atomic weight will indicate the total number of neutrons and 
protons in the nucleus, while the atomic number will indicate 



Brown Bromers 


Fig. 64. Irving Langmuir 
(1881- ). An American scien- 

tist associated with the Research 
Laboratories o£ the General 
Electric Company. The gas- 
filled lamp, the use of hydrogen 
in the atomic state for welding, 
and his method of applying elec- 
tric discharges in high vacuum 
tubes are among his widely 
known inventions. He was 
awarded the Nobel prize in 
chemistry in 1932, 



Fig. 65. Niels Bohr (1885- ). 

A Danish physicist and profes- 
sor of physics at the University 
of Copenhagen. Bohr accepted 
the theory that electrons sur- 
round a positively charged nu- 
cleus, and postulated the theory 
that when electrons change their 
orbits a definite energy change 
accompanies such a movement. 
He was awarded the Nobel prize 
in physics in 1922. 


the positive charge on the nucleus and also the number of 
satellite electrons. 

70. Applications of the theory of atomic structure. 
The “picture” of the atom as presented in this problem is not 
intended to portray what atoms would look like if we could see 
them, but is an attempt on the part of the scientists to account 
for facts about how atoms behave and how they seem to be 
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constructed. The usefulness of such a theory becomes appar- 
ent when it affords a reasonable explanation for many common 
occurrences. As we study later units and problems, we shall 
appreciate the fact that the electron theory of matter and elec- 
tricity readily explains such common and intimate chemical 

processes as the rusting of iron, 
the operation of the storage bat- 
T i electroplating, and many 

\ V / / others. At the moment, let us 
^ consider the relations between 

• • l-jjjg theory and such scientific 

Fig. 66. Octet and Bohr studies as the nature of X rays 

and radioactivity. 

(1) X rays. The practical uses of X rays in diagnosing 
internal ailments are well known (Fig. 68). By the aid of 

X rays, flaws in vital metallic parts of structures can be de- 

tected; pipes or electrical wires between the walls of buildings 
can be located; smuggled objects hidden in unusual places 


can be detected; imitation stones can be dis- 
tinguished from real gems; and the true 
paintings of the old masters can be told 
from spurious imitations. But what have 
these to do with the electron theory? Sim- 
ply this — experimenters have discovered 
that X rays are produced whenever high- 
speed electrons strike a hard object set up 
in their path. 

In 1895, a German scientist named Roent- 


Na 



Fig, ' '67* ■ Boiir 
atom o£ sodium. 


gen discovered that a piece of cardboard coated with a certain 


chemical would glow brilliantly when held near a Crookes tube 
in operation (Fig. 69), even when the tube was covered with 
black paper and no visible light was coming from it. He rea- 
soned that some kind of invisible light, or ray, was coming 
from the tube, and that it had the ability to penetrate not 
only the glass walls of the tube, but also the black paper in 
which it was wrapped. Since he knew so little about Ms 
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newly-discovered ray, Roentgen was reminded of the “un- 
known qumtity” in algebra and named it the X ray. When 
he held his hand next to the cardboard screen, and on the 
side towards the vacuum tube, he was able to see on the re- 
verse side a shadow picture of his hand. The bones were dis- 
tinctly defined by casting a darker shadow than the flesh. 


Roentgen’s discovery thus gave birth to the X-ray photo- 
graph, and also proved that the passage of an electrical dis- 



Fig. 68. X-ray photograph of hand showing fracture of little finger. 


charge through a vacuum tube produces three kinds of rays: 
namely, cathode rays, positive rays, and X rays. We have 
learned that cathode rays are streams of negatively charged 
particles, and that positive rays consist of streams of positively 
charged particles. Unlike these two kinds of rays, X rays do 
not have any electrical charge, and they do not possess the 
property of weight. X rays are of the same nature as visible 
light. They are wave vibrations in the ether, and they travel 
with the same speed of about 186,000 miles per second; their 
wave-length is shorter than that of ordinary light, however, 
and they are more penetrating. The modern X-ray tube is a 
specially constructed vacuum tube having a heavy metal target 
set up in the direct path of the electrons (Fig. 70). X rays 
are produced when the electrons strike this target. 



Courtesy Parke, Davis & Company 

Fig. 69. Roentgen’s discovery of the X ray. 
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(2) Becquerel rays. One year after the discovery of X rays, 
a Frenchman by the name of Becquerel (Fig. 71) was experi- 
mentally trying to answer the question: “If X rays can cause 
certain chemicals to glow, can chemicals that glow of their 
own accord also emit invisible, penetrating rays?” During his 
experiments, Becquerel wrapped photographic plates in several 


sheets of black paper, and placed pieces of phosphorescent 
chemicals in contact with them. He developed the plates about 
twenty-four hours later, and there were the photographic sil- 
houettes of the chemicals used. Since all of the phosphorescent 
materials tested by Becquerel contained the element uranium, 
he concluded that such materials emit radiations which are 
similar to X rays and also capable of passing through black 
paper, opaque to ordinary light. These radiations were called 
Becquerel rays, and any substance capable of emitting them 
was said to be radioactive. 
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(3) Radium. The discovery of radium was chiefly the re- 
sult of the work of Mme. Curie (Fig. 72). During her ex- 
periments with many radioactive materials 
containing uranium, Mme. Curie discovered 
that one particular mineral, called pitch- 
blende, was more radioactive than was to be 
expected from its uranium content. She 
concluded that the mineral contained small 
quantities of an extremely radioactive ele- 
ment as yet unknown. After tediously 
working over vast quantities of pitchblende, 
she obtained a small amount of a new ele- 
ment, which she named polonium. 

Mme. Curie and her husband observed 
that the insoluble residue from the pitch- 
blende treatment was even more radioactive, 
and they decided that still another new ele- 
ment might be contained therein. In 1898, 
after patient and laborious efforts, they suc- 
ceeded in obtaining a small amount of 
radium chloride, a salt that glowed in the 
dark. It was for this property that the new 
element was named radium, meaning “the 
giver of rays.” Radium was found to be 
more than one million times as radioactive 
as uranium. In 1911, Mme. Curie was 
awarded the Nobel prize for these discov- 

. X, . . , .. ^ ^ , , Cuviriesy Wenexai 

enes. It is interesting to note that her Electric x-ray 

daughter and son-in-law were recipients in j 

1935 of the Nobel prize in chemistry for em x-ray Sbe. 
their work in the field of radioactivity. 

(4) Radioactivity and atomic structure. Further studies 
proved that radioactive elements are spontaneously disintegrat- 
ing, and that during this process three kinds of rays are pro- 
duced: namely, alpha rays, beta rays, and gamma rays (Fig. 
73) . Alpha rays have been found to consist of relatively heavy, 
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slow-moving particles bearing a positive chasge— they corre- 
spond to the positive rays produced in o vacuum tube. Beta 
rays have been identified as high-speed particles possessed of 
a negative do&tge—they corresporid to the cathode rays pro- 



Cuunesy Nobel h'oundation 


Fig. 71. Henri Becquerel (1852- 
1908). A French scientist and 
engineer who discovered that 
X rays were given ojEf by nra- 
nintn. His investigations on 
phosphorescence, radioactivity, 
and infra-red spectra were of 
great value. His grandfather and 
father were also great scientists 
before him. 



Brown Brothers 


Fig. 72. Madame Marie Curie 
(1867-1934). She and her hus- 
band, Pierre Curie, discovered 
radium. ^ She also isolated a 
radioactive element from pitch- 
blende and named it polonium in 
honor of her native country, Po- 
land. She was for many years a 
professor of physical science in 
the Sorbonne, Paris. In 1911 she 
received the Nobel prize in 
chemistry. 


duced in a vacuum tube. Gamma rays travel with the speed 
of light, have no electrical charge, and do not have the property 
of weight — they correspond to the X rays produced in a 
vacuum tube and are identical with Becquerel rays. 

The story of what actually happens during radioactive dis- 
integration is highly interesting, but is beyond the scope of 
this book. What we wish to emphasize by means of this dis- 
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cussion is that here we have evidence both from the laboratory 
and from nature to indicate that atoms are composed of still 

MAGNET 


Fig, 73. Decomposition o£ radium, 

more fundamental particles. The solar-system theory of the 
structure of atoms helps to explain the facts obtained from 
both sources. 


Problem Summary Exercises that Everyone Should Do 

1. State the law of electrical attraction and repulsion. 

2. Describe each of the types of rays produced by passing an 
electrical discharge through a vacuum tube. 

3. Describe some practical uses of X rays; of radium. 

4. State the nationality and name one outstanding contribution 
of each of the following scientists: Crookes; Thomson; Goldstein; 
Roentgen; Becquerel; Mme. Curie; Rutherford; Moseley; Lewis 
and Langmuir ; Bohr. 

5. What are the characteristics of the electron? The proton? 
The positron? The neutron? 

6. Briefly explain or define satellite electrons and electron orbits. 

7. Where are the protons and neutrons located in an atom? 

8. What information about the structure of an atom can be in- 
ferred from its atomic weight? Its atomic number? 



LEAD 

DISH 


RADIUM 

SALT 
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9. How is the structure of the nucleus determined? 

10. How is the arrangement of the satellite electrons determined? 

11. Diagram the structure of the atom of each of the following 
chemical elements: helium; beryllium; boron; carbon; nitrogen; 
fluorine; neon; magnesium; sulfur; chlorine. 

PROBLEM S: HOW DOES THE ELECTRON THEORY 
EXPLAIN THE COMBINING OF ATOMS? 

Problem Assignment. The title question may rightly 
suggest to you that this problem deals with an interesting 
application of the electron theory. Chemists know of the 
chemical activity of atoms by experimental observations, 
and believe that atoms combine with each other by ex- 
changing or sharing electrons. The number of electrons 
exchanged or shared depends on the number of electrons 
in the outermost orbit of the atom. As we shall see, lend- 
ing, borrowing, or sharing electrons will give us a very 
interesting and logical explanation of what happens during 
chemical change. 

71. Chemical activity and outer orbit electrons. It is 
known by experiment that helium, neon, argon, krypton, and 
xenon, the so-called rare gases of the air, are chemically inert; 
no chemical compounds of any of these elements are known. 
Bohr diagrams of the first three of these elements show that 
helium has a complete first orbit with 2 electrons, neon has 
a complete second orbit with 8 electrons, and argon has a 
complete third orbit with 8 electrons (Fig. 74). It appears, 
then, that elements whose atoms have complete outer electron 
orbits are chemically inert. On the other hand, such elements 
as sodium, magnesium, and chlorine are chemically very active, 
and diagrams of their atoms show that they all have incom- 
plete outer electron orbits (Fig. 75). These facts lead chem- 
ists to believe that there is a natural tendency for atoms to 
acquire the condition of orbit completeness. 

It is also believed that chemical action involves only the 
electrons in the outer orbits of atoms, and takes place in such 



THE STRUCTURE OF MATTER 


111 


a manner as to permit the outer orbit of as many atoms as 
possible to become complete. This can be accomplished in 
two different ways: (1) an atom with an incomplete outer 



orbit can gain enough electrons to complete 
its orbit, or (2) it can get rid of the elec- 



Ne 



Fig. 74. Bohr 
atoms o£ helium, 
neon, and argon. 
Note that their 
outside orbits are 
complete. 


trons in the incomplete 
orbit and revert to the 
next complete inner or- 
bit. An example or two 
will show how this theory 
of chemical activity ac- 
counts for chemical re- 
action. 

72. Formation o£ 
molecules by the ex- 
change of electrons. 
Lithium and fluorine are 
both very active ele- 
ments, and it can be 
shown experimentally 
that they combine in the 
ratio of one atom of lith- 
ium to one atom of flu- 
orine to form lithium 
fluoride. The electron 
theory readily offers a 


reasonable explanation of why this is so. 



A study of the structure of each of these Fig. 75. Bohr 
two kinds of atoms (Fig. 76) shows that the atoms of sodium, 
lithium atom has only one electron in its chlorine. Note 
outermost orbit, while the fluorine atom has re *incom* 

a second orbit with seven electrons. To ac- plete. 

quire the condition of orbit completeness, 
lithium would need to lose one or gain seven electrons, and 
fluorine would need to gain one or lose seven electrons. Since 
it seems easier for atoms to exchange small numbers of elec- 
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Irons, lithium loans its one electron to fluorine, and both atoms 
thereby acquire the condition of orbit completeness. Lithium 
reverts to a complete first orbit with two electrons, and fluo- 
rine builds its second orbit up to capacity with eight electrons. 



The formation of lithium fluoride can be dia- 
gramed as shown in Figure 77. 

73. Atoms and ions. Thoughtful students 
are no doubt wondering what happens to an 
atom when it gains or loses one or more elec- 
trons. A neutral atom will acquire an elec- 



trical charge if it loses or gains electrons. 
When the lithium atom loans one electron to 
the fluorine atom, the residual part of the 
lithium atom acquires a positive charge of one 
unit, and the fluorine atom acquires a negative 


Fig. 76. Bohr charge of one unit. Such modified atoms 
bearing positive or negative charges as a re- 
sult of having loaned or borrowed electrons 


are known as ions. This is one explanation for the fact that 
the properties of elements are not apparent in their compounds, 
for the properties of ions are quite different from the proper- 
ties of their parent atoms. 



LITHIUM 
Fig. 77. 


FLUORINE LITHIUM FLUORIDE 

Union of lithium and fluorine atoms to form 
lithium fluoride. 


Since unlike charges attract each other, oppositely charged 
ions are held together in such numbers as will form a neutral 
combination. Lithium fluoride, then, is really , composed of 
equal numbers of positive lithium ions and negative fluorine 
ions. In the solid compounds, these ions are alternately ar- 
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ranged in orderly fashion so as to form crystals. Such chemi- 
cal combinations are known as ionic compounds. Ordinary 
table salt, sodium chloride, is an example; it is composed of 
sodium ions and chlorine ions arranged so as to form cubical 
crystals (Fig. 78). 

A careful study of Figure 79, 
representing the union of magne- 
sium and chlorine, should serve to 
establish an understanding of how 
the electron theory accounts for 
one way in which atoms combine. 

In the reaction represented, the 
magnesium atom loans its two 
outer orbit electrons to two chlo- 
rine atoms, each of which needs 
just one electron to complete its 
third orbit. By this exchange of 
electrons, all three atoms acquire 
the condition of orbit complete- 
ness; the magnesium atom be- 
comes a charged ion bearing two positive charges, and the two 
chlorine atoms become charged ions each bearing one negative 
charge. These ions are attracted to each other by their oppo- 
site electrical charges and build up crystals of magnesium 
chloride. 

74. Metals and non-metals. We have seen that atoms 
seem to prefer loaning or borrowing small numbers of electrons. 
As a result, an atom having less than half the number of elec- 
trons required to complete its outer orbit tends to loan elec- 
trons, while an atom having more than half the required num- 
ber of electrons tends to borrow electrons. The diagrams of 
atoms already studied show that metals consist of atoms whose 
outer orbits contain less than half the maximum number of 
electrons (Fig. 80). As we would expect, non-metals consist 
of atoms whose outer orbits contain more than half the maxi- 
mum number of electrons {Fig. &l). Consequently, metals 



Fig. 78. Ionic space lattice 
of sodium chloride. The 
circles with minus signs rep- 
resent Cl" ions, and the cir- 
cles with plus signs repre- 
sent Na+ ions. 
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loan electfons and foftn positive ions, and non-metals borrow 
electrons and jorm negative ions. 

The electronic structure of metals and non-metals accounts 
for many of their properties and differences. Metals can 
easily be caused to give up their outermost electrons by the 
influence of heat, light, or electricity. For this reason, the 



Fig. 79, Union o£ two chlorine atoms and one magne- 
sium atom to form magnesium chloride. 


filament in a radio tube is heated to “boil off” electrons. These 
are attracted to the positive plate, thereby producing an elec- 
trical current that sets up vibrations in the loud speaker. The 
photo-electric cell operates on the fact that a beam of light 
can cause certain metals to give up their outer electrons, which 
then produce an electrical current as they are attracted to a 
positive electrode. It is believed that a current of electricity 
is conducted through a wire by atoms of the metal passing their 
outer electrons on from one to another under the influence of 
the electrical field. 

As would be expected, non-metals do not display such prop- 
erties as have been mentioned in connection with the metals. 
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They hold on to their outer electrons strongly and are chem- 
ically alert to gain enough electrons to complete their outer 
orbits. 

A few elements do not readily fall into 
either the metal or non-metal groups. Some 
I f 1 • elements whose atoms have 
V / exactly half the number of 

electrons required to com- 
Na plete their outer orbits, as * [ * 

© well as a few having ap- \ V y / 
proximately half the re- 
quired number of electrons, , p 
can either loan or borrow 
electrons with about equal / 
ease. These elements may t ( 9 X j f 
have the properties of either 
i^^tals or non-metals, de- 
/ ^ \ pending on how their outer 
TT ( 12 + ) TT oi'bits become complete; 

\ described by the / 

term amphoteric. 

75. Electrons and ionic J 

Fig. 80 . Bohr valence. The combining 
atoms of metals — . . ° 

lithium, sodium, capacity of an atom de- 

tLdr“Se‘Tr: Pends upon the electrons in Fig. si. ^Bohr 


Fig. 81. Bohr 


bits have less outer orbit, and this atoms of non- 

than half the re- property of an atom is fiTr nd 
quired number of ; , ™ nuorine, 

electrons. known aS There chlorine; their 

_ are several kinds of va- havl^mor^than 
lence, one of which is known os, ionic valence, half the required 


half the required 

It is the rnmber of unit charges an atom may 
acquire through the loss or gain of electrons. 

Thus we have positive valence and negative valence. 

Applying our definition to the elements given, it will be seen 
that the valence of lithium is “positive one,” written Li+; the 
valence of fluorine is “negative one,” written F“; the valence 
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of magnesium is written Mg++; and the valence of chlorine 
is written Cl~. Metals, of course, have positive valence, and 
non-metals have negative valence. 

Since atoms exchange only the electrons in their outer orbits, 
these particular electrons are known as valence electrons, and 
the outermost orbit is known as the valence orbit. It is clear 
that an atom having a completed valence orbit will neither 
loan nor borrow electrons, and its valence will be “zero.” 

Some elements may either loan or borrow electrons, and 
consequently, may have either a positive or a negative valence. 






^ 
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Fig. 82 . Union of two fluorine atoms to form a molecule of 

fluorine. 


Sulfur, for instance, can borrow two electrons, which would 
give it a valence of negative two, and it can loan six electrons, 
which would give it a valence of positive six. Some elements 
may also lose or gain different numbers of electrons. This 
is one explanation given for the variable valence that some 
elements possess; copper, for example, displays valences of 
positive one or positive two under different conations, accord- 
ing to whether it loses one or two electrons. 

76. Formation of compounds by the sharing of elec- 
trons: covalence. Many molecules are formed by the shar- 
ing of one or more of electrons. In such instances, 
electrons are neither gained nor lost. Therefore the atoms 
involved do not acquire electrical charges, and as a result their 
valences are neither positive nor negative. Such valence is 
known as covalence, and simply means the number of electrons 
which are mutually shared by each atom. Figures 82, 83, and . 
84, and the following explanations will make clear the ideas 
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we wish to establish concerning covalence. These diagrams 
also show why such elements as oxygen, fluorine, and chlo- 
rine have molecules which consist of two atoms each. 



o 4- o — O 2 

Fig. 83. Union of two oxygen atoms to form one 
molecule of oxygen. 


In the case of fluorine, each atom needs one electron to 
complete its valence orbit, and by doubling up and each shar- 
ing one electron with the other, both atoms become complete 
and form a molecule of fluorine. Figure 83 shows how two 
oxygen atoms may share two pairs of electrons in order to 



Fig. 84, Octet explanation for the formation ot 
a molecule of carbon dioxide by covalent linkage. 


complete their orbits and form an oxygen molecule. These 
two examples illustrate the sharing of electrons by atoms of 
the same element, but a number of corn-pounds are also formed 
by the same method. The diagram in Figure 84 illustrates 




118 


MODERN-LIFE CHEMISTRY 


how two atoms of oxygen and one atom of carbon unite to 
form a molecule of carbon dioxide by covalence. Since each 
carbon atom shares four electrons, its covalence is said to be 
simply 4; since each oxygen atom shares two electrons, its 
covalence, in this compound, is said to be 2. 

Compounds formed by covalence are known as non-polar 
compounds because their constituent atoms do not bear elec- 
trical charges; those formed by ionic valence are known as 
polar compounds because they are composed of electrically 
charged atoms, or ions. By far the greater number of com- 
pounds known are of the non-polar type, and some compounds 
contain both polar and non-polar constituents. 

77. Writing formulas from valence. It is often necessary 
that we be able to derive correct formulas for the compounds 
with which we are working. Now that we have an idea as to 
the cause and meaning of valence, we can develop an accurate 
method of writing formulas from valence. The valences of the 
more common elements have been tabulated in Table 8 for 
convenient reference. In Table 9 are the names, symbols, and 
valences of several groups of atoms joined by covalence and 
which act together as ions during chemical reactions. Such 
groups of atoms have their own characteristic ionic valence as 
a group, and are known as radicals. Metals having two val- 
ences are distinguished by using the suffix ous for the atoms of 
lower valence, and the suffix ic for the atoms of higher valence. 
For example, ferric iron has a valence of positive three, Fe+++^ 
and ferrous iron has a valence of positive two, Fe++ ; mercuric 
mercury has a valence of positive two, Hg++, and mercurous 
mercury has a valence of positive one, Hg+. 

The least common multiple procedure for deriving formulas 
from valence is perhaps the easiest and best to use after the 
rules or steps have been learned. With practice, students will 
discover short cuts that will further simplify the use of this 
method. The following rules and steps are presented, together 
with an illustration, to show how the simplest formula of 
calcium phosphate is derived. 



TABLE 8 

Valences of Common Elements 


Element 

Symbol 

Valences 

Element 

. Symbol 

Valences 

Aluminum 

. A1 . 

+3 

Lead 

Pb 

+2,4-4 

Antimony 

Sb 

+3, +3 

Magnesium 

Mg 

+2 , 

Arsenic 

As 

+3, +5 

Manganese 

Mn 

+2.+4 

Barium 

Ba 

+2 

Mercury 

Hg 

+L +2 

Bismuth 

Bi 

+3>+S 

Nickel 

Ni 

+2 

Bromine 

Br 

—1 

Nitrogen 

N 

3,5 

Cadmium 

Cd 

4-2 

Oxygen 

0 

““2 

Calcium 

Ca 

+2 

Phosphorus 

P 

3,5 

Carbon 

C 

4 

Potassium 

K 

+1 

Chlorine 

Cl 

—1 

Silicon 

Si 


Cobalt 

v;Co ■" 

-f2 

Silver 

Ag 


Copper 

Cu 

+lj +2 

Sodium 

Na 

+1 

Fluorine 

F 

—1 

Strontium 

' , St"' , ' 


'...'Gold"/', v,';, , 

■ Au 

+1, +3 

Sulfur 

■ .s^' 

—2,4,6 

Hydrogen 

H 

-fi 

Tin 

Sn 

+2 +4 

Iodine 

I 


Zinc 

Zn':' , 

4-2 

Iron 

Fe 






(Note: Valences that are marked neither plus nor minus indicate elements 
that usually form compounds by the sharing of electrons.) 



120 


MODERN-LIFE CHEMISTRY 


1. Write the symbol for each element or radical in the com- 
pound. The positive acting element should be written to the 
left: 

Ca (PO4) 

2. Mark the valence of each element or radical to its upper 
right: 

Ca+2 (PO 4 )-® 

TABLE 9 


Valences of Common Radicals 


Radical 

Formula 

Valence 

Radical 

Formula 

Valence 

Acetate 

(C2H3OP 

■ 

Nitrate 

(NO3) 


Ammonium 

(NH^) 

■ 

Phosphate 

(PO^) 

-3 

Carbonate 

(CO3) 

—2 

Sulfate 

(SO,) 

—2 

Hydroxide 

(OH) 

-1 

Sulfite 

(S03) 

i 

-2 


3. Determine the least common multiple of the two valences 
and write it as the numerator of a fraction before each symbol: 

-Ca+2 -(P04)-s 

4. Write the valence of each element or radical as the de- 
nominator of the fraction before its symbol: 

|ca+2 I (P04)-3 

5. Clear the fractions, and write the quotients as subscripts 
to the lower right of each symbol to indicate the ratio between 
the number of atoms or radicals in the compound. Drop all 
the other figures representing valences and fractions. The re- 
sult is the simplest formula: 

Cas(P04)2 
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6 . As a final check, see that the valence of the first atom or 
radical times the number of atoms or radicals, equals the val- 
ence of the second atom or radical times the number of atoms 
or radicals: 

Cas (P04)2 
(2X3) = (3X2) 

It is highly important that you learn to write formulas, be- 
cause your ability to do this will be assumed in all units and 
in almost every problem to follow. 

78. Computing valence from formulas. Students are 
often called upon to figure out the valence of an element or 
radical from a given formula. An example of such a question 
is. What is the valence of Mn in the compound MnOa? The 
answer is that since each oxygen atom has a valence of — 2 , 
two oxygen atoms would have a total valence of —4; and since 
the total valence of two oxygen atoms is equaled by the valence 
of one manganese atom, the valence of Mn in MnOa must 
be -+-4. 

The least-common-multiple method can be reversed and ap- 
plied to such questions as. What is the valence of A1 and the 
(SO 4 ) radical in the compound The answer is that 

two atoms of aluminum and three sulfate radicals furnish equal 
total valences; the least common multiple of these numbers is 
six; if two aluminum atoms furnish a total valence of six, the 
valence of one aluminum atom is three; and if three sulfate 
radicals furnish a total valence of six, the valence of one sulfate 
radical is two. There is no method of computing valence from 
formulas unless the valence of at least one element or radical 
in the compound is known, or unless the least-common-multi- 
ple method can be applied. For this reason you are advised to 
memorize the valences of the more common elements and 
radicals. 


Problem Summary Exercises that Everyone Should Do 

1. Briefly define or explain the following terms: (a) satellite 
electrons; (b) valence electrons; (c) valence orbit; (d) ion; (e) 




Acetates 

(C2H3O2) 
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polar compound; (f) non-polar compound; (g) orbit completeness; 
(h) variable valence; (i) positive and negative valence; (j) metal; 
(k) non-metal; (1) exchange of electrons; (m) sharing of electrons; 
(n) covalence; (o) ionic valence. 

2. Prepare a series of diagrams showing the following data con- 
cerning the atom of each of the elements of atomic numbers 1-20 
inclusive: (a) atomic number; (b) name of element; (c) atomic 
weight; (d) diagram of structure; (e) number of satellite electrons; 
(f) number of valence electrons; (g) active or inert; (h) number 
of electrons gained or lost; (i) valences; (J) metal, non-metal, 
amphoteric. 

3. Briefly define or explain the following: (a) symbol; (b) for- 
mula; (c) subscript; (d) simplest formula; (e) least-common-mul- 
tiple method of writing formulas; (f) computing valence; (g) radical. 

4. Derive and write the simplest formula for each compound of 
the following pairs of elements or radicals: (a) potassium and the 
hydroxide radical; (b) aluminum and oxygen; (c) the ammonium 
radical and the sulfate radical; (d) silver and bromine; (e) ferric 
iron and the nitrate radical. 

5. Using the positive and negative valences as a guide, make a 
table like the one shown on the preceding page and write the correct 
formulas in the rectangular spaces. 

6. Infer or derive the valence of each element or radical in each 
of the following compounds: 

(a) Cr^Os (c) Mn(OH)2 (e) SiCU (g) P2O5 (i) CdCh 

(b) AsCls (d) PbO (f) P2O3 (h) MgsNs (j) SO3 

7. Infer the valence of the element or radical combined wdth 
hydrogen in the formulas given. Then write the formulas for the 
compounds that would be formed if the elements or radicals in the 
left hand column were substituted for hydrogen. (Do not write in 
this book.) 



■ -HBr " 1 

HaCSO^) 

HsCPOO 

H 4 (Si 04 ) 
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PROBLEM 6: WHAT DO CHEMICAL SYMBOLS AND 
FORMULAS MEAN? 

Problem Assignment. The object of this problem is 
to build upon our present knowledge of symbols and 
formulas, and to learn to read with understanding the 
shorthand used by chemists. Symbols and formulas have 
been mentioned upon several occasions, and in the last 
problem we learned how to write formulas from valence. 

The present problem will enable us to learn some of the 
important meanings that symbols and formulas hold for 
the chemist, and will, in large measure, serve as a sum- 
mary of the preceding problems of this unit. 

79. Symbols and their meanings. Chemical symbols have 
gone through several stages in reaching their present form 




MgSSM 

1785 

Bergm^in 

7808 

Dalton 

/8/4- 

3erjtelius 

m 

1^ 

El 

El 


mm 


EH 

El 


m 

m 

eg 

El 

Mm 

Bi 

o 

Pb 


Courtesy Fisher Scientific Company 


Fig. 85. Development of the symbols for gold, mercury, and lead. 

There have been no changes in these symbols since 1814. 

(Fig. 85). The system of S 3 Tnbols now in use the world over 
was introduced in 1814 by J. J. Berzelius (Fig. 86) . Symbols 
are not merely abbreviations for the names of the elements. 
They represent; (1) single atoms of the respective elements, 
and (2) definite weights of the element as referred to the 
oxygen atom weighing 16. For example, N not only stands for 
nitrogen, but also represents one atom of nitrogen and 14 
parts by weight of this element. If the units of weight are 
expressed in grams, as they usually are in chemistry, N repre- 
sents one gram atomic "weight of nitrogen, or 14 grams. Sim- 
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ilarly, Hg stands for mercury, and also represents one atom, 
200 parts by weight, and one gram atomic weight, or 200 
grams, of this element. 


80. Formulas and their 
meanings. Berzelius even 
went so far as to suggest 
that symbols be joined to 
represent compounds. Thus, 
ferric oxide was written FeO, 
the number of dots over each 
symbol representing the 
number of atoms of that 
element in one molecule of 
the compound. In modern 
practice, subscript numerals 
have replaced the dots 
(Fe 203 ) but they have a 
similar meaning. 

The meanings embodied in 
formulas are more extensive 
than the meanings of sym- 
bols. In the first place, a 
formula is a shorthand rep- 
resentation for a chemical 
compound. Formulas tell 
us which elements compose 
the compound, and they indi- 
cate the ratio between the 



Courtesy "Journal of Chemical Education" 


Fig. 86. Jons Jakob Berzelius 
(1779-1848). Symbols for the 
chemical elements which are in 
universal use today were first in- 
troduced by Berzelius in 1811. 
He was also a skilful analyst and 
prepared a table of accurate 
atomic weights. Selenium, tho- 
rium, and silicon were discovered 
by B erzelius. He was awarded 
the title of Baron in recognition 
of his great ability and service to 
Sweden. 


atoms or ions composing the compound. The formula NaCl, 
for example, represents sodium chloride and indicates that it 
is composed of sodium ions and chlorine ions combined in the 
ratio of 1 : 1. The formula for lead nitrate is Pb(N 03 ) 2 ; it 
indicates that this compound is composed of lead ions and 


nitrate ions combined in the ratio of 1 ; 2. 


In additivm, the formula of a compound formed by the shar 
ing of electrons also represents one molecule of the compound. 
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For example, carbon dioxide is a non-polar compound and 
its formula is COg. This formula represents one molecule of 
carbon dioxide, and indicates that it is composed of one atom 
of carbon and two atoms of oxygen. 

Formulas also have a weight meaning which provides a basis 
for calculating molecular weights and formula weights. The 
formula for sodium chlorate is NaClOs. The weight repre- 
sented by this formula is therefore equal to the weight of one 
atom of sodium, plus the weight of one atom of chlorine, plus 
the weight of three atoms of oxygen, or 

23-1- -f- (3 X 16) = 106.5 parts by weight 

The formula weight of ammonium sulfate, (NH4)2(S04), is 
equal to the weights of two atoms of nitrogen, eight atoms of 
hydrogen, one atom of sulfur, and four atoms of oxygen, or 

(2 X 14) H- (8 X 1) + 32 + (4 X 16) = 132 

If these parts by weight are expressed in grams, such weights 
may be called gram jormvla weights. 

The compounds just considered are ionic, while carbon 
dioxide, CO2, and ammonia, NH3, are non-polar compounds 
formed by the sharing of electrons. Consequently, their 
formulas represent molecules oi these compounds, and the 
weights they represent are truly relative molecular weights. 
Thus, CO2 indicates that the carbon dioxide molecules weigh 
44, and this formula represents 44 parts by weight of carbon 
dioxide. The molecular weight of ammonia is 17, and the 
formula NH3 represents 17 parts by weight of this compound. 
If these parts by weight are expressed in grams, such weights 
are designated as gram molecular weights. We have already 
learned that gram molecular weights of gases have the same 
volume, so the formulas of ammonia and carbon dioxide also 
represent one gram molecidar volume of these gases, 22.4 liters. 

The following tabulation indicates how the meanings of 
formulas are derived. 
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Name of Substance 

Formula 

Formula 
Weight or 
Molecular 
Weight 

Gram, Formula Weight 
OR Gram Molecular 
Weight 

Volume 

Potassium chloride 

KCI 

74.5 

74,5 grams 

solid 

Water 

H^O 

18 

18 „ grams 

liquid ; IS cc. 

Carbon dioxide 

0 

0 

44 

44 grams 

22.4 liters 

Carbon monoxide 

CO 

28 

28 grams 

22.4 liters 

Ammonia 

NH 3 

17 

17 grams 

1 

22.4 liters 


As a summary of the preceding paragraphs, let us consider 
the various meanings of the formula CO 2 . This formula 

1. Is the shorthand representation for the compound, car- 
bon dioxide. 

2. Represents one molecule of carbon dioxide, and shows 
that this molecule is composed of one atom of carbon and two 
atoms of oxygen. 

3. Serves as the basis for calculating the relative molecular 
weight of carbon dioxide, which is 44. 

4. Indicates that 44 parts by weight of carbon dioxide are 
composed of 12 parts by weight of carbon and 32 parts by 
weight of oxygen. (These parls by weight may be in grams, 
ounces, pounds, or any weight unit.) 

5. Represents one gram molecular weight of carbon dioxide, 
or 22.4 liters. 

81. Calculating percentage composition. It is often 
necessary to know the percent of each element present in a 
given compound. This can be determined experimentally, but 
if the formula of the compound is known, the percentage com- 
position can easily be calculated. For example, suppose we 
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desire to calculate the percent of each element in potassium 
chlorate. We would proceed as follows: 

1. Determine the formula weight of the compound. 

1 atom of K = 39.0 parts by weight 
1 atom of Cl = 35.5 parts by weight 
3 atoms of 0 = 48.0 parts by weight 
Adding gives 122.5 formula weight 

2. Divide the weight of each element by the formula weight 
of the compound, and multiply the quotient by 100 to get the 
answer in percentage. 

39 

^ X 100 = 31.8% potassium 
35.5 

— — X 100 = 28.9% chlorine 

X ^ Z 

48 39.2% 

The total percent of all the elements in a compound should, of 
course, equal 100. It is therefore advisable to check by addi- 
tion to see whether the sum closely approaches 100. 

82. Calculating simple formulas from percentage com- 
position. When the percentage composition of a compound 
can be determined, the simplest formula can be calculated as 
illustrated by the following problem: Analysis showed a com- 
pound to be composed of 1.58 percent hydrogen, 22.23 per- 
cent nitrogen, and 76.19 percent oxygen. Dividing the percent 
of each element by its respective atomic weight indicates the 
relative number of atoms of each element which unite to form 
the compound: 

Percent o£ Element Atomic Weight = Relative Number of Atoms 
1.58 ~ 1 =1.58 atoms of hydrogen 

22.23 14 = 1.58 atoms of nitrogen 

76.19 ~ 16 = 4.76 atoms of oxygen 
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We have learned, however, that we cannot have fractions of 
atoms, so these numbers must be reduced to a simple whole 
number ratio by dividing them all by the smallest: 

1-58 -f- 1.S8 = 1 atom of hydrogen 
1.S8 -r- 1.S8 = 1 atom of nitrogen 
4.76 -r- 1.58 = 3 atoms of oxygen 

These quotients are used as subscripts in writing the simplest 
formula for the compound. Thus, the simplest formula for 
the compound in question is HNO3; it is hydrogen nitrate, or 
nitric acid. 

One more problem will illustrate how the true or molecular 
formula can be determined when both the percentage composi- 
tion and the molecular weight of a compound are known. 

A gaseous compound was analyzed and found to consist of 
80 percent carbon and 20 percent hydrogen, and 100 cc. of it 
weighed 0.13S gram. From the data given, the approximate 
molecular weight can be calculated by multiplying the weight 
of 100 cc. by 10 to get the weight of 1 liter, and multiplying 
the weight of 1 liter by 22.4: 

0.135 X 10 X 22.4 = 30.24 (approximate molecular weight 
of the compound) 

The parts by weight of each element in 30.24 parts by weight 
of the compound can be calculated as follows: 

30.24 X -80 = 24.192 parts by weight carbon 
30.24 X •20 = 6.048 parts by weight hydrogen 

Dividing the parts by weight of each element by its atomic 
weight gives the number of atoms of each element in one 
molecule of the compound: 

24.192 12 = 2 atoms of carbon 

6.048 -r- 1 = 6 atoms of hydrogen 

The molecular formula for the compound is then written 
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Problem Summary Exercises that Everyone Should Do 

1. Write out all the meanings you can for each of the following 
symbols: 0 ; H; Pb; Cl; Ba; C; S; Ag; Na; Ra. 

2. Name the elements and the smallest number of atoms of each 
that combine to form: (a) aluminum oxide, AI2O3; (b) ammonium 
phosphate, (NH4)3(P04); (c) calcium acetate, Ca(C 2 H 302 ) 2 . 

3 . Calculate the formula weight of each of the following com- 
pounds from its simplest formula: (a) sodium chloride, NaCI; (b) 
calcium nitrate, Ca(N03)2; (c) ammonium hydroxide, (NH4)(OH) ; 
(d) aluminum sulfate, Al2(S04)3; (e) barium oxide, BaO. 

4 . Make a list of all the meanings you can for each of the follow- 
ing formulas: 

(a) NaaO (d) HgCl 

(b) Sr(N03)2 (e) NHs 

(c) Fe(S04) (f) CO2 

(g) CO 

5 . Distinguish clearly between subscripts and coefficients. 

6. List the steps or procedures to be followed in calculating the 
percentage composition of a compound. 

7 . Calculate the percentage composition of each of the following 
compounds: 

(a) H2(S04) (d) HgCls 

(b) BaCls (e) Zn(S04) 

(c) CO2 (f) Na(C2H302) 

8. Calculate the number of grams of water required to prepare 
SO liters of hydrogen by electrolysis. 


III. OPTIONAL MATERIAL FOR THE UNIT 

ADDITIONAL PROBLEM SUMMARY EXERCISES 

1. From the following data, prove that the hydrogen and nitrogen 
molecules are diatomic: 

3 vols. of hydrogen -f - 1 vol. of nitrogen — > 2 vols. of ammonia. 

2. Diagram the structure of the calcium atom; the argon atom. 
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3. Write the simplest formula for the compound formed by the 
union of the (NH4) radical with each of the following non-metals 
or radicals: Cl; (NO3); (SO4); (PO4); (CO3) ; Br; S; (C2H3O2). 

4. Write the simplest formula for the compound formed by the 

union of the (CO3) radical with each of the following metals: Ba; 
Ga; Na; K; Cu(ic). ' ■ 

5. Write the simplest formula for the compound formed by the 
union of each of the following pairs of elements or radicals: (a) 
ammonium radical and iodine; (b) silver and chlorine; (c) mercury 
(ic) and chlorine; (d) bismuth and nitrate radical ; (e) tin (ic) and 
oxygen; (f) iron (ous) and sulfate radical; (g) iron (ic) and 
oxygen. 

6. Infer or derive the valence of each element in the compounds 
represented by the following formulas: 

(a) Ag2S (d) SnCl2 (g) NaBr 

(b) SO2 (e) CusO (h) CaO 

(c) HgCl (f) ZnCls (i) AIN 

7. Infer or derive the valence of each element or radical in the 
compounds represented by the following formulas: 

(a) CoCls (e) Pb(C2H302)2 

(b) Ni(N03)2 (f) K(C103) 

(c) SbCl3 (g) MnOs 

(d) AsCls (h) HF 

8. Compare the three types of rays produced in a vacuum tube 
with the rays produced by radioactivity, 

EXERCISES IN CHEMICAL ARITHMETIC 

1. If a given weight of gas occupies 950 cc. at 710 mm. pressure, 
what volume would it occupy at 750 mm. pressure? 

2. Calculate the volume of a gas at 10° C. if it occupies 680 cc. 
at 28° C. 

3. A gas measures 2175 cc. at 820 mm. pressure and —15° C. 
What would its volume be at 720 mm. pressure and 50° C.? 

4. A student collected 750 cc. of hydrogen by the displacement 
of water when the temperature reading was 23° C. and the baromet- 
ric reading was 732 mm. What volume would the dry gas occupy at 
standard conditions? 
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5. If a student decomposed 7.5 g. of potassium chlorate in a 
laboratory where the temperature was 25° C. and the pressure was 
735 mm., what volume of oxygen would he have? 

6. Calculate the molecular weight of a gas, 2 liters of which 
weigh 3.56 g. 

7. What is the approximate molecular weight of a compound if 
100 cc. of its vapor weighs 0.206 g.? 

8. Calculate the weight of S liters of a gaseous compound whose 
molecular weight is 30. 

9. Calculate the simplest formula for the compound whose per- 
centage composition is Mg: 28.55%, C: 14.29%, and 0: 57.14%. 

10. Calculate the simplest formula for the compound whose per- 
centage composition is 29.41% Ca, 23.53% S, and 47.06% O. 

11. Calculate the simplest formula for the compound found to 
consist of 2.05% hydrogen, 32.70% sulfur, and 65.25% oxygen. 

12. Calculate the molecular weight and formula of a compound 
found to consist of 7.8% carbon, 92.2% chlorine, and whose vapor 
is calculated to weigh 6.875 g. per liter. 

13. Calculate the molecular weight, simplest formula, and molec- 
ular formula for a compound if 600 cc. of its vapor weigh 2.45 g., 
and its percentage composition is N: 30.51%, and O: 69.49%. 

14. Calculate the formula weight of each of the compounds rep- 
resented by the following formulas: 

(a) CaCl2 (c) Ag(C2Hs02) 

(b) Zn(S04) (d) Mga(P04)2 

(e) Pb(N03)2 

15. Calculate the percentage composition of each of the com- 
pounds given in the preceding exercise. 

16. Calculate the number of grams of potassium chlorate re- 
quired to prepare 750 cc. of oxygen. 

TOPICS FOR INVESTIGATION AND REPORTS 

1. The Determination of Atomic Weights 

2. Role of the Electron in Radio Transmission and Reception 

3. Photo-electric Cells and Their Uses 

4. The Life History of Uranium; Radioactivity 
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5. Neutrons, Positrons, the Deuton, and Heavy Water 

6. Construction and Uses of the Coolidge Tube 

7. S 3 mibols of the Ancients, the Alchemists, Dalton, and Berzelius 

8. The Molecular Explanation for Heat and Temperature 

IV. UNIT RECITATION AND TEST 

TOPICS FOR ORAL OR WRITTEN RECITATION 

L The Molecular Nature of Gases 

2. The Molecular Nature of Liquids 

3. The Molecular Nature of Solids 

4. Similarities Among Solids, Liquids, and Gases 

5. Differences Among Solids, Liquids, and Gases 

6. The Atomic Theory as an Explanation for the Laws of Chem- 
ical Combination 

7. Scientific Facts, Laws, Hypotheses, and Theories 

8. Gram Molecular Weight and Gram Molecular Volume 

9. Determination of Molecular Weights 

10. Electrical Discharges in Vacuum Tubes 

11. The Composition of Atoms of the Elements 

12. The Structure of Atoms of the Elements 

13. Formation of Molecules of Compounds and Elements 

14. Meanings of Symbols and Formulas 

15. Deriving Formulas of Compounds from the Valence of Ele- 
ments 

16. Calculating Percentage Composition from Formulas 

17. Deriving Formulas from Percentage Composition 




d, lead-lined spin tank used in making rayon. Kavor 
a sticky solution which js forced into thj tank tS 
nding up from the solution is made up of manv fila 
> guided onto the reel as a single multifilament strand 


UNIT THREE 

SOLUTIONS AND NEAR-SOLUTIONS 


I. THE UNIT ASSIGNMENT 

Defining the unit. We have previously said that this is a 
“water world" in which we live, and we may now extend this 
term to include solutions. All living things are dependent upon 
solutions. Plants get their essential minerals from ground- 
water solutions, and the importance of solutions in this par- 
dcular instance can be emphasized by pointing out that much 
non-fertile land has been rendered productive by irrigation. 
This implies that the minerals required for plant growth are 
present in the soil, and that water is needed to make them 
available to the plant. In animals, the digestive system seems 
to have as its main objective the converting of dry, bulky foods 
into soluble forms available to the cells of the body. The 
thoughtful student who analyzes the preceding statements will 
quickly realize the utter dependence of plants and animals upon 
solutions. 

Solutions have so many industrial applications that an 
enumeration of them would undoubtedly touch every phase 
of human activity. Just a few examples will make this clear. 
The process of dyeing our clothing is carried out in solution, 
or in liquids which are related to solutions. The manufacture 
of salt and other compounds from the waters of the seas and 
the refining of petroleum also require the application of knowl- 
edge pertaining to solutions and processes for working with 
them. These examples represent just a few instances from a 
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very comprehensive field, but they show why the subject of 
solutions compels our interest. 

During our study of solutions, we shall find it helpful to 
consider the factors which influence the making of solutions 
and the conditions which affect their behavior. Such knowl- 
edge is fundamental to the chemical applications of solutions. 
This unit will also explain' some important properties of solu- 
tions and the applications we make of them. In addition, the 
unit will introduce us to a large and significant group of mix- 
tures which are sometimes referred to as “near-solutions” but 
which we shall come to know better by the name of colloids. 

UNIT PROBLEMS TO BE SOLVED 

PROBLEM 1: HOW ARE SUBSTANCES PUT INTO SOLU- 
TION? 

PROBLEM 2: HOW DOES THE MOLECULAR THEORY AC- 
COUNT FOR THE REGULARITIES OB- 
SERVED IN THE BEHAVIOR OF SOLU- 
TIONS? 

PROBLEMS: HOW ARE DISSOLVED SUBSTANCES RE- 
COVERED FROM SOLUTION? 

PROBLEM 4: WHAT IS THE NATURE AND IMPORTANCE 
OF COLLOIDS? 
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II. ASSIMILATIVE MATERIAL FOR THE UNIT 

PROBLEM 1: HOW ARE SUBSTANCES PUT INTO 
SOLUTION? 

Problem Assignment. The facts which we acquire 
from our everyday experiences and observations are fre- 
quently of great help in enabling us to understand a par- 
ticular subject. This statement is true in connection with 
the study of solution. In most cases, however, information 
acquired in that way is likely to be haphazard and lacking 
in effectiveness. Facts are most useful to us when they 
are properly organized and studied in their correct rela- 
tionship. An understanding of the subject matter involved 
in this problem will enable us to systematize a great deal 
of common knowledge about solutions which we have ac- 
quired through our everyday experiences. It will also lay 
the foundation for an understanding of solutions from the 
chemist’s point of view which is so essential to an apprecia- 
tion of their properties and their uses. 

83. Terms commonly used in connection with solutions. 
Salt stirred into a glass of water readily dissolves and forms a 
solution. This simple reference to common experience empha- 
sizes the fact that every solution has two component parts; 
namely, the dissolved substance, called the solute, and the dis- 
solving medium, called the solvent. 

Water is the best solvent known, but it is not the only solvent 
used by chemists. Alcohol is often used for this purpose, espe- 
cially in certain chemical industries. Medicinal preparations 
of various substances in alcohol are known as tinctures, ordi- 
nary tincture of iodine being a familiar example. In this 
solution, alcohol is the solvent, and solid, crystalline iodine is 
the solute. Other useful solvents include ether, carbon tetra- 
chloride, carbon disulfide, gasoline, naphtha, and various al- 
cohols other than ordinary grain alcohol. 

Individual solvents have their own particular properties and 
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uses. Gasoline, naphtha, and carbon tetrachloride are all good 
solvents for grease and oil. Carbon tetrachloride is much to 
be preferred, for it does not burn and the other two are ex- 
plosive. Certain waxes, gums, fats, and oils can be dissolved in 
ether, carbon disulfide, carbon tetrachloride, and gasoline; 
carbon disulfide and chloroform are good solvents for rubber; 
ordinary shellac is a solute in alcohol; and ether or turpentine 
can be used to remove paint stains. It is not known just why 
these various liquids have such different solvent properties. 

Solutes also show wide variations in the extent to which they 
will go into solution. We know that sugar will dissolve in 
water; hence we classify it as a soluble compound. Any sub- 
stance which will dissolve in a particular solvent is said to be 
soluble in that solvent. Since sand does not dissolve in water, 
we say that it is insoluble in water. In similar fashion, any 
substance which will not dissolve in a given solvent is said to 
be insoluble in that solvent. The extent to which a given sub- 
stance may go into solution can be described by such terms 
as “extremely soluble,” “very soluble,” “moderately soluble,” 
“sparingly soluble,” and “slightly soluble.” 

84. Characteristics of solutions. A small amount of so- 
dium chloride stirred into a liter of water will give its char- 
acteristic salty taste to every part of the solution. Only a few 
drops of bluing are required to impart a distinct bluish color 
to a large tub of water. These observations, as well as others, 
lead us to the conclusion that the solute in a solution is evenly 
distributed throughout the solvent. In other words, true solu- 
tions are completely homogeneous. 

Since a salt solution may contain either a large or a small 
amount of solute, it is obvious that the composition of a solu- 
tion may vary between rather wide limits. A solution that 
contains a relatively small amount of solute is said to be dilute; 
whereas, a solution containing a relatively large amount of 
solute is said to be concentrated. The fact that solutions do 
not conform to the Law of Definite Composition proves that 
they must be classed as mixtures rather than compounds. A 
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solution is a homogeneous, molecular mixture whose composi- 
tion may vary between rather wide limits. 

85. Classes of solutions. This definition of a solution does 
not limit the solute or solvent to any particular state of matter. 
The most common kind of a solution consists of a solid dis- 
solved in a liquid, but other types of solution are also possible 
because there are three states of matter. That is, a solution 
may consist of a solid, liquid, or gas dissolved in a solid, liquid, 
or gas. Examples of unusual classes of solutions need not be 
given, however, for hereafter the term “solution” will almost 
always refer to solids, liquids, or gases dissolved in a liquid, 
usually water. 

86. Factors which affect solubility. Whenever a given 
quantity of solvent has dissolved all the solute that it can 
under a given set of conditions, it is called a saturated solution. 
The quantity of solute which can be dissolved in a given quan- 
tity of solvent is known as its solubility. It is customary to 
define the solubility of a substance as the weight in grams re- 
quired to saturate loo grams of the solvent at a specified tem- 
perature. 

Temperature is one of the most important factors affecting 
solubility, and most solids are more soluble at high tempera- 
tures. In some instances the differences in solubility at high 
and low temperatures are very striking. For example, the 
solubility of potassium nitrate at 0° C. is 13.3 grams, but at 
100° about 246 grams are required to saturate 100 cc. (100 
grams) of water. The solubility of calcium chloride is 59.5 
grams at 0°, and 159 grams at 100°. On the other hand, the 
solubility of any gas decreases as the temperature rises. A 
given weight of solvent can dissolve an increasing volume of 
gas as the temperature is lowered. A simple, yet effective, 
demonstration of the decreasing solubility of a gas with a rise 
in temperature can be shown by heating some water in a glass 
beaker. The first small bubbles evolved are dissolved air com- 
ing out of solution. These form long before the boiling point 
of the water is reached. 
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Quite different solubilities are observed if 1 gram each of 
sugar, copper nitrate, and barium sulfate are added to separate 
test tubes half filled with water. Since in each case the solvent 
and conditions of the experiment are identical, the differences 



Fig. 87. Solubility curves. 

among the solutions must be attributed to the different solutes 
used. Iodine crystals have different solubilities in water, al- 
cohol, and carbon tetrachloride. Here, however, the difference 
must be due to the solvent. Solutions of the same solute in 
different solvents are likely to have quite different properties. 
It is reliably reported, for example, that a solution of mer- 
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curochrome in acetone is a much better antiseptic than a water 
solution of the same substance. 

Pressure also affects the solubility of gases in liquids. The 


TABLE 10 

Table of Solubilities 


Compound 

Weight Required to Saturate 100 g. Water at 

Name 

Formula 

O'* C. 

20° C. 

50° C. 

100 ° c. 

Barium chloride 

BaCl, 

31.6 

35.7 

43.6 

58.8 

Calcium chloride 

CaCl, 

59.5 

74.S 

126.0 

159.0 

Calcium hydroxide 

CaCOH)^ 

0.18S 

0.165 

0.128 

0.077 

Calcium sulfate 

Ca(SO^) 

1 

0.1759 

0.203 

0.2097 

0.162 

Copper sulfate 

Cu(SO,) 

14.3 

20.7 

33.3 

75.4 

Potassium nitrate 

KCNOj) 

13.3 

31.6 

8S.S 

246,0 

Sodium chloride 

NaCi 

35.7 

36.0 

37.0 

39.8 

Silver nitrate 

Ag(N 03 ) 

122.0 

222.0 

4SS.0 

952.0 


greater the pressure on a gas above a liquid, the greater the 
weight of gas which will go into solution. This knowledge is 
commonly employed in the manufacture of soft drinks and car- 
bonated water for use at soda fountains. When the pressure 
on such a solution is released, much of the dissolved gas escapes 
with effervescence, or vigorous bubbling. 

The solubilities of the more common compounds are easily 
obtained from tables of solubilities or solubility charts. Such 
information is constantly used by the chemist, and is readily 
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avaUable in many textbooks or reference handbooks of chem- 
istry. Solubility curves are often more useful than solubility 
tables. The former show the solubility of a compound over a 
wide range of temperatures, while the latter give only solubili- 
ties at specified temperatures. Careful study of Figure 87 and 
Table 10 will make clear the nature and advantages of each. 

It should be remembered that all the data in the chart and 
table are obtained by experiment. After the solubilities of 
various compounds have been determined in this manner, they 
are simply tabulated in one way or another for future 
reference. 

87. Expressing the concentration of a solution. The 
concentration of a solution refers to the amount of dissolved 
solute in a given volume of the solution. We have already 
learned the use of the terms “dilute” and “concentrated” in 
this respect. We know that a solution containing as much 
dissolved solute as possible at a given temperature is termed 
a “saturated” solution. Then a solution which does not con- 
tain the maximum amount of solute possible at the prevailing 
temperature is unsaturated. These terms, however, do not 
convey a very precise idea as to the exact composition of a 
solution. For example, reference to Table 10 will show that a 
solution of 35.7 grams of barium chloride in 100 grams of 
water at 20° C. will be just saturated. If the temperature of 
the solution is increased to 50°, however, the solution will be- 
come unsaturated, even though it still contains the same weight 
of solute. 

On the other hand, if the temperature is decreased to 0°, 4.1 
grams of this solute would be expected to settle out, although 
the solution would still be saturated. In some cases, a sat- 
urated solution can be carefully cooled so that the excess weight 
of solute remains in solution. Sodium thiosulfate is an example 
of such a substance. A hot, saturated solution, when allowed 
to cool without being disturbed, shows no evidence of crystals 
settling out even though sodium thiosulfate is not nearly so 
soluble at the lower temperature. Such a solution is said to be 




Crystallization will occur in a supersaturated 
f it is disturbed by stirring or i£ a crystal of 
the solute is dropped into it. 


purpose, solutions of definite percentage composition are often 
prepared. A 10 percent solution is one which is 10 percent 
solute and 90 percent solvent by weight. To prepare SO grams 
of a 20 percent sugar solution, we would dissolve 10 grams of 
sugar in 40 grams of water. 

Another very common method of accurately expressing the 
exact concentration of a solution is by indicating the number 
of gram molecular weights of solute per liter of solution. If 
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supersaturated. Two other examples of substances from which 
supersaturated solutions can be made are sodium acetate and 
sodium sulfate. A small crystal of the solute dropped into a 
supersaturated solution will cause the excess solute to quicklv 
settle out (Fig. 88). 

In pieparing and working with solutions, the chemist gen- 
erally wishes to know their precise composition. To serve this 
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one G. M. W. of the solute is dissolved so as to make one liter 
of solution, the result is a. molar solution. Thus, a molar solu- 
tion of sodium hydroxide would contain the equivalent of 40 
grams of NaOH per liter, and 1 cc. would contain 0.040 of a 
gram of the solute. Molar solutions are sometimes too con- 
centrated for accurate work, and one-tenth molar, one-half 
molar, or other solutions of fractional molarity are then pre- 
pared and used. A 0.1 M solution of sodium hydroxide would 
contain 4 grams per liter, a 0.3 M solution would contain 12 
grams per liter, and so on. 

If the molar concentration of a solution is indicated on the 
label of its bottle, the chemist can very easily calculate the 
weight of solute in 1 cc. of the solution and in the volume 
being taken. If the label of a bottle reads as follows: 



the chemist can quickly calculate that 25 cc. contain 0.2925 of 
a gram of NaCl, 500 cc. contain 5.85 grams, and so on for any 
volume of this solution. 

88. Factors affecting the rate o£ solution. If a large 
crystal of blue vitriol is dropped into a tall cylinder of water, 
it slowly dissolves and diffuses throughout the volume of 
solvent. This is a rather slow process, however, and the rate 
of solution can be greatly increased by three different methods. 
(1) Most solutes are caused to dissolve more quickly by in- 
creasing •ihe temperature of the solvent. (2) If we grind the 
solute to a powder, a given weight can be dissolved more 
rapidly. Since solution takes place at the surface of the solute 
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particles^ it is easy to understand that numerous small particles 
with their much greater surface would pass into solution faster 
than an equal amount of solute in the form of larger crystals. 
(3) The rate at which a substance dissolves can be increased 
if we bring unsaturated portions of the solvent into contact 
with the solute. This can be accomplished by shaking or 
stirring the dissolving mixture. 


Problem Summary Exercises that Everyone Should Do 

1. State the meaning of each of the following terms in your own 
words: (a) solution; (b) solute; (c) solvent; (d) soluble; (e) in- 
soluble; (f) slightly soluble. 

2. Name five common solvents and state some uses and advan- 
tageous properties of each. 

3. Give some reasons to justify the classification of solutions as 
mixtures. 

4. Define solubility and state the solubility of each of the follow- 
ing compounds at the specified temperatures: (a) sodium chloride 
at 20° C.; (b) potassium nitrate at 25° C.; (c) potassium nitrate 
at 100° C.; (d) lead nitrate at 50° C.; (e) potassium chlorate at 
80° C. 

5. Name four factors that may affect the solubility of solids, 
liquids, and gases, and give two examples of applications of each. 

6. Distinguish between dilute and concentrated solutions; un- 
saturated, saturated, and supersaturated solutions. 

7. Suggest a method of quickly identifying a given solution as 
being unsaturated, saturated, or supersaturated. 

8. State the number of grams of solute required to prepare each 
of the following solutions: (a) 100 g. of a 3% sodium nitrate solu- 
tion; (b) 1,000 g. of a 12% solution of silver nitrate; (c) 1 liter of a 
molar solution of potassium nitrate; (d) 200 cc. of a 0.5 M solution 
of sodium chloride. 

9. State the number of grams of solute in: (a) 25 g. of a 2% 
sodium chloride solution; (b) 250 cc. of a 0.1 M solution of hydro- 
chloric acid; (c) 60 cc. of a 2 M solution of sodium hydroxide. 
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10. Name and illustrate three factors that influence the rate at 
which a substance dissolves. 

PROBLEM 2: HOW DOES THE MOLECULAR THEORY 

ACCOUNT FOR THE REGULARITIES OBSERVED IN 
THE BEHAVIOR OF SOLUTIONS? 

Problem Assignment. One of the striking things 
about solutions is the regularity of their behavior. This 
regularity is so marked under similar conditions and with 
solutions of the same concentration, that it leads inevitably 
to a question as to why this is so. The attempt to answer 
this question has led to a tremendous amount of experi- 
mentation and study from which certain conclusions have 
been drawn. The basis for these conclusions will be con- 
sidered in due time but at present we may state that in the 
molecular nature of solutions we find the answer to many 
of our questions. Since individual molecules are too small 
to be seen it is necessary for us to paint a mental picture 
of their behavior. That is what we propose to do in this 
problem- — visualize the activities of molecules. Viewed in 
this way, we find intelligible answers to the question as to 
why solutions show certain regularities of behavior. 

89. Reasons for believing solutions are molecular mix- 
tures. When a lump of sugar dissolves in water it cannot be 
seen, but we know that it does not magically disappear, for 
every portion of the solution has the sweet taste of sugar. If 
a crystal of a colored compound, such as copper sulfate, is put 
into a container of water, the color of the solute gradually 
spreads evenly throughout the solvent, indicating a homo- 
geneous mixture. The way a substance goes into solution of 
its own accord suggests that the act of dissolving is dependent 
upon molecular motion. Chemists believe that layer after layer 
of molecules leave the surface of the solid and that they diffuse 
among the molecules of the solvent, colliding and rebounding in 
every direction until a uniform mixture is achieved. This ex- 
planation of the act of dissolving suggests that any method of 
speeding up the rate of solution simply aids the natural move- 



SOLUTIONS AND NEAR-SOLUTIONS 147 

ment and distribution of solute molecules among those of the 
solvent. 

The chemists also believe that there is a tendency for dis- 
solved molecules to return and again attach themselves to the 
undissolved crystals of the solute. This movement of the 
molecules is increased as the concentration of the solution be- 
comes greater, either through 
evaporating some of the solvent 
or adding more solute. When 
the point of saturation at 
the prevailing temperature is 
reached, it is believed that 
these two opposing tendencies 
are in full play, but in equilib- 
rium with each other. That is, 
whenever some molecules leave 
the solid and pass into solution, 
an equal number of dissolved 
molecules are “pushed” out of 
solution and return to the undissolved crystalline solid. Under 
such conditions the concentration of the solution remains 
constant: 

Solute (undissolved solid) 4 =^ Solute (dissolved molecules) 

Another reason for believing that solutions are molecular 
mixtures lies in the fact that no filter with pores fine enough 
to remove the dissolved particles from a true solution has ever 
been devised. This picture (Fig. 89) of solutions, then, indi- 
cates that they are similar to a mixture of two gaseous sub- 
stances, and it embodies the present understanding of solutions. 
It has enabled the chemist to discover certain interesting and 
important laws which govern the behavior or properties of 
solutions. 

90. Effect of solution on vapor’ pressure. Water placed 
in an open container and allowed to stand at room tempera- 
ture will slowly diminish in quantity. Likewise, a piece of ice 



Fig. 89. Equilibrium in a satu- 
rated solution. 
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will gradually become smaller even though the temperature 
is below freezing. We explain such behavior by saying that 
the water or the ice evaporates. Since matter is molecular in 
nature, evaporation must be a process in which molecules leave 
the surfaces of their respective substances and diffuse into the 
air. 

If we should compare carbon disulfide or ether or alcohol 
with water, we would soon notice that these liquids evaporate 

much faster than water, even 
though the conditions for 
each are identical. Obvi- 
ously, the rate of evapora- 
tion varies with different 
liquids. This must be due 
to variation in the forces 
which cause molecules to 
leave the surfaces of their 
respective substances. When 
the molecules are free, they 
then exert a pressure in pro- 
portion to the kinetic energy 
which they possess. This is 
called vapor pressure VlQ.6. its magnitude can be measured. 
Table 11 expresses the vapor pressures of various substances 
in millimeters of mercury at the given temperatures, and at 
standard atmospheric pressure, which is 760 mm. 

Experiments ^ovi \ha.t dissolving a solid in a liquid lowers 
its vapor pressure. This means that the normal rate of evap- 
oration of the liquid is retarded. The vapor pressure changes 
only when the solute is truly dissolved and is dispersed in the 
molecular condition. Vapor pressure is a property of impor- 
tance in the selection of desirable solvents in such industries 
as the manufacture of paints and varnishes, quick-drying 
lacquers, rubber goods, and photographic film. 

91. Effect of solution on boiling point. Althou^ every- 
one understands what is generally meant by the boiling point 



Fig. 90. Equilibrium between 
vapor and liquid in a closed 
vessel. 
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of a liquid, it may be well to give the term a scientific defini- 
tion. An inspection of Table 11 shows that the vapor pressure 
of water at 100° C. is 760 millimeters, and we have learned that 
standard air pressure is also 760 millimeters. Furthermore, it 
has been stated that water, under standard pressure, boils at 
100° G. It then follows that the boiling point of a liquid is the 


TABLE n 

Vapor Pressure o£ Various Liquids 


Substance 


Vapor Pressure in mm. of 

Mercury at 


O'^C. 

20® C. 

50® C. 

80® C. 

O 

O 

P 

Acetic acid 

3.5 

11.8 

36.3 

202.3 

417.0 

Benzene 

2S.3 

75.6 

271.4 

731.9 

1340.0 

Ether 

184.4 

432.8 

1264.8 

3022.8 



4933.3 

Turpentine 

2.1 

4.4 

17.0 

61.3 1 

131.1 

Water 

4.S7 

17.63 

91.98 

334.87. 

760.0 


temperature at which the vapor pressure of the liquid fust 
equals the opposing pressure of the air. Then the escaping 
molecules can “push back” the molecules of the air, and the 
liquid rapidly changes to a gas, the temperature remaining con- 
stant. This explains why water boils at a temperature lower 
than 100° C. on a high mountain where the atmospheric pres- 
sure is considerably less than 760 millimeters. 

Chemists have found that dissolving a solid in water, or any 
other liquid, elevates its boiling point. This means that the 
boiling point of any true solution of a solid is always higher 
than that of its solvent, and if it is a water solution, its boiling 
point will always be higher than 100° C. under standard at- 
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mospheric pressure. Dissolved solids seem to retard the change 
of water into steam by lowering its vapor pressure. In order 
to overcome this decrease in the vapor pressure it is necessary 
to raise the temperature to make the solution boil. The rise 
in boiling point is proportional to the amount of dissolved 
solute. The high boiling points of candies, which really are 
very concentrated sugar solutions, illustrate the idea we wish 
to convey. 

92. Effect of solution on freezing point. A dissolved 
solute also causes a lowering of the freezing point. This means 
that the freezing point of a true solution is always lower than 
that of its solvent. If we should dissolve some salt in water, 
the freezing point of the solution would be lower than zero. 
The extent to which the freezing point is lowered also depends 
upon the amount of dissolved solute. 

When we add alcohol or glycerin or ethylene glycol to our 
automobile radiators to prevent them from freezing, we are 
making a practical application of the knowledge that the freez- 
ing point of a solution is lower than that of water. Likewise, 
the use of concentrated brines in some refrigeration systems 
makes use of the same principle. Freezing mixtures of ice and 
salt are used in making ice cream in small quantities. When 
salt is sprinkled on an icy sidewalk, the ice melts because the 
freezing point of a saturated salt solution is —21° C. Other 
freezing mixtures are often used in the chemistry laboratory. 

93. Quantitative studies of solution behavior. From the 
preceding discussion, it is apparent that the vapor pressure, 
boiling point, and. freezing point of a solution are all affected 
by the amount of substance in solution. Certain questions 
naturally follow this statement: What are the effects produced 
by different weights of solutes? Do equal weights of different 
solutes have equal effects on the properties of solutions? 

Experiments show that if gram molecular weights of alcohol, 
glycerin, and sugar are each dissolved in the same weight of 
water, the freezing point of each solution is lowered equally. 
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If the volume of water is one liter, the freezing point is lowered 
1.86° G. for each G. M. W. dissolved. Since gram ■ molecular 
weights of all substances contain equal numbers of moleculeSj 
this proves that the significant factor is the number of dis- 
solved particles y and not the size, color, kind, or weight of the 
particles. For example, 46 grams of ethyl alcohol, C 2 H 5 OH, 
92 grams of glycerin, C 3 H 5 (OH) 3 , and 342 grams of sugar, 
C 12 H 22 O 11 , all contain equal numbers of molecules. Hence, 
they produce the same effect when each one of these quantities 
is dissolved in a liter of water. The freezing point of each 
resulting solution is —1.86° C. 

We may summarize this discussion by saying that the reg- 
ularities observed in the behavior of solutions are dependent 
upon the number of dissolved particles in relation to the weight 
of solvent. 


Problem Summary Exercises that Everyone Should Do 

1. Tell why the chemist believes solutions are mixtures of sub- 
stances in a state of molecular subdivision. 

2. What is the chemist’s idea of the molecular conditions existing 
in a saturated solution? 

3. What is the relation between the vapor pressure of a liquid 
and its boiling point? How are these properties affected by dis- 
solving a compound in the liquid? 

4. Give the chemist’s definition of boiling point. 

5. Explain why alcohol, glycerin, or other anti-freezes give the 
motorist protection against low temperatures. Name some other 
applications of solutions based upon the same property. 

6. Explain why: (a) fresh water freezes more quickly than the 
water of the oceans; (b) vegetables cook more quickly in salt water 
than in fresh water; (c) a mixture of salt and ice is used in freezing 
ice cream. 

7. Explain why gram molecular weights of alcohol, cane sugar, 
and glycerin have the same effect in lowering the freezing point of a 
solution. 
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8. What would be the expected freezing point of a solution of 
1000 g. of water and 460 g. of alcohol, C2H5OH? 460 g. of glycerin, 
C3H5(0H)3? 114 g. of cane sugar, C12H22O11? 

PROBLEM 3: HOW ARE DISSOLVED SUBSTANCES 
RECOVERED FROM SOLUTION? 

Problem Assignment. It is not only essential that we 
understand the various factors which affect solubility and 
know how to put substances into solution, but very fre- 
quently it is just as desirable to know how to separate or 
recover substances from solution. Primitive people prac- 
ticed the separation of a solute from its solvent when they 
exposed solutions of brine to the action of the sun’s rays in 
order to recover the salt. This method is still in use today 
although we have added greatly to our knowledge as to 
how we may affect such separations. 

It has already been pointed out that there are solvents 
other than water. The cost of many of them would make 
their use impractical if it were not possible to recover them 
and use them many times. These, and other examples 
which might be mentioned, illustrate the practical impor- 
tance of knowing how solutes or solvents may be recovered 
from their solutions. This problem will consider some of 
the methods by means of which this is accomplished, and 
will also present further evidence for the behavior of solu- 
tions in terms of the molecular theory. 

94. Separating solute and solvent by evaporation. Large 
quantities of common salt and other minerals are prepared the 
world over simply by running the waters of salt lakes into 
large vats and allowing the sun’s heat to evaporate the water. 
A similar process es often employed in the laboratory. When 
time is an important factor, the rate of evaporation can be 
increased by several different methods: (1) by the application 
of more heat to the solution; (2) by increasing the amount 
of surface exposed; (3) by blowing a current of hot, dry air 
over the surface of the solution; (4) by bubbling hot air up 
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through the evaporating mixture; and (5) by reducing the 
opposing atmospheric pressure. 

95. Separating solute and solvent by distillation. If by 
some method we could control and condense the substance 
evaporated, we would have the solvent of the original solution 
free of all impurities. This can be accomplished by a process 
known as distillation. A study of Figure 91 will reveal the 
principle of the process. Distillation consists of boiling a 


COLD 

WATER 



Fig. 91. Distillation apparatus. A, flask in 
which liquid is boiled ; C, tube through which 
vapor passes; D, condenser; and B, receiver. 


liquid and condensing its steam. The steam which has been 
condensed is called the distillate. Any solution can be sepa- 
rated into its components by this process provided it is com- 
posed of a non-volatile solute and a volatile solvent which does 
not decompose at the temperature required to evaporate it. 

Many natural waters are harmful or undesirable because of 
the dissolved impurities they contain. Distillation affords one 
way of purifying such water. Water for use in chemical 
laboratories, in making many medicinal preparations, and in the 
operation of storage batteries must be prepared in this way. 
The manufacture of ice also necessitates the production of 
distilled water on a large scale. The diagram and explanation 
in Figure 93 show how quantity production is accomplished. 
Fortunately, water for drinking purposes need not be entirely 
free of all minerals, so city water supplies are treated to re- 
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move or destroy only the organic matter. This includes harm- 
ful and disease-producing bacteria. How this is accomplished 
is discussed in Section 107. 

Two liquids in mutual solution and having different boiling 
points may be more or less completely separated by the process 
of fractional distillation. For example, if water and alcohol 
are present in a mixture they may be separated by carefully 



Courtesy jbastman KoaaK Company 


Fig. 92. A method of aerating water to purify it for drinking 

purposes. 

maintaining the temperature at the boiling point of alcohol, 
which is lower than that of water. Such a separation more 
nearly approaches completeness if the first few fractions of the 
distillate are re-distilled. This process is employed in the 
refining of petroleum. Crude oil is a mixture of compounds 
having different boiling points, and it is separated into such 
materials as naphtha, gasoline, kerosene, and lubricating oils 
by controlling the temperature during distillation. 

96. Formation and characteristics of crystals. When a 
dissolved solid is separated from, its solution, it often assumes 
the form of crystals. Large crystals of alum may be prepared 
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Courtesy Barnstead Still and Sterilizer Co., Inc. 

Fig. 93. A commercial distillation apparatus. An ingenious 
arrangement utilizes the heat given up by the condensed 
steam to heat the incoming water. 


crystal meal, form when the solution is cooled very quickly. 
Crystals of rock candy may be grown by suspending a string 
in a very concentrated solution of sugar and allowing it to 
evaporate slowly. ' Crystals may also form as the result of 
chemical change. If a piece of fine copper wire is suspended 
in a solution of silver nitrate in a test tube, crystals of silver 
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very easily by the slow evaporation of a cooled saturated solu- 
tion. Experiments show that the more slowly a solution cools 
or evaporates, the larger will be the crystals; small crystals, or 
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will be seen to form upon the copper wire. ^ The chemical ex- 
planation for such a reaction is given in Section 121. 

97. Amorphous substances. We may define crystals as 
chemically homogeneous bodies with fiat sides and sharp edges 
and having regular geometrical forms. Substances that do not 
have definite external forms as they solidify are described by 
the term non-crystalline or amorphous. Common examples of 
amorphous substances are to be found among the waxes and 
gums. It is believed that in such materials the particles of 
which, they are composed are arranged in no definite internal 
formations, ar in crystals, but rather at random. Amorphous 
matter is consequently devoid of the flat faces, straight edges, 
and angles that characterize crystalline matter. 

98. Relations between crystals and water. When crys- 
tals of blue vitriol are heated in a test tube, moisture will be 
seen to collect on the inside of the cooler portions of the tube. 
The color changes from blue to a grayish white, and the sub- 
stance breaks down to a powder. Upon the addition of water, 
however, the substance turns blue again. Many crystalline 
compounds are known to behave in a similar manner. What 
is the explanation? 

By experiment, chemists have determined that a certain per- 
cent of water chemically combines with some crystals as they 
deposit from water solutions. This is ca\\&6. water of hydra- 
tion, and such compounds are known as hydrates. Since this. 
water is often held loosely in combination, it is rather easily 
expelled simply by heating the hydrate. On losing their water 
of hydration, hydrates become anhydrous compounds. Anhy- 
drous means “without water.” Anhydrous copper sulfate is 
expressed by the formula Cu(S 04 ) , while the crystalline copper 
sulfate with its water of hydration is written Cu(S 04 ) - S HaO. 
Since water solutions of the crystalline copper sulfate are used 
much more often than the crystals themselves, it is customary 
not to include the water when writing the formula for this com- 
pound. 
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The water of some hydrates is held so loosely that it escapes 
when the crystals are exposed to the air. This behavior is 
known as efflorescence. Certain other substances behave quite 
the opposite of those classed as efflorescent. Calcium chloride 
is an example. Like most substances, calcium chloride at- 
tracts a film of moisture to its surface, and being very soluble, 
the compound gradually goes into solution. This process is 
called deliquescence. 

These two properties of certain substances justify the em- 
phasis placed upon keeping their containers well-stoppered. 
In addition, the uses of some compounds are based upon their 
deliquescent nature. Several are used in the laboratory as 
drying agents for this reason, and calcium chloride is some- 
times used to prevent dust on roads and cinder paths. The 
explanation is that it absorbs enough moisture to keep the loose 
material damp and compact. 

99. Calculating the percent of vsrater in hydrates. When 
the formula of a hydrate is known, the percent of water of 
hydration can be calculated. A study of the following example 
will make clear the steps involved in such a calculation. How 
much water is contained in a 5-pound carton of ordinary borax 
crystals? 


1. Find out the formula for the hydrate. The formula for 
borax is Na 2 B 407 *10 H 2 O. 

2. Calculate the formula weight of the hydrate and the 
molecular weight of the water in the hydrate. 

Na2B407 *10 H 2 O = 382 ; 10 H 2 O = 180 


3. Form an equation according to the general formula for 
calculating percentage, and determine the percent of the for- 
mula weight of the hydrate due to the water it contains. 


IOH 2 O 

Na2B4O7-10H2O 


180 

382 


X 100 = 47.1% H 2 O 
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4. Solve the original problem. 

47.1% of 5 lbs. of borax = .471 X 5 = 2.355 lbs. of water 


Problem Summary Exercises that Everyone Should Do 

1. Describe the process of evaporation in terms of the molecular 
theory. 

2. Explain several ways of controlling the rate of evaporation. 

3. Distinguish between distillation and fractional distillation, and 
name some practical applications of each. 

4. How may crystals be caused to form? 

5. Distinguish between crystalline and amorphous matter, and 
give examples of each. 

6. What is a hydrate? Water of hydration? An anhydrous 
compound? 

7. What is meant, by efflorescence? Deliquescence? 

8. Give some practical applications of substances having these 
properties. 

Q. Calculate the percent of water of hydration in each of the fol- 
lowing hydrates; 

(a) BaCl 2 - 2 H 20 

(b) GuCSOD-SHsO 

(c) Na 2 (SO 4 ) - 10 H 2 O 

PROBLEM 4: WHAT IS THE NATURE AND IMPOR- 
TANCE OF COLLOIDS? 

Problem Assignment. Professor Bancroft of Cornell 
University, a recognized authority on the subject, says, “At 
first sight colloid chemistry may not seem to be an impor- 
tant branch of chemistry, but this opinion changes when 
we consider that a knowledge of colloid chemistry is essen- 
tial to anyone who really wishes to understand about: 
cement, bricks, pottery, porcelain, glass, enamels; , . . 
glue, starch, and adhesives; paints, varnishes, lacquers; 
rubber, celluloid, and other plastics; leather, paper, textiles; 

• . . inks; hardened oils; . .A cream, butter, cheese, and 
casein products; . . . ore flotation, water purification, sew- 
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age disposal; smoke prevention; photography; . . . phar- 
macy; physiology.” ^ This enumeration is by no means ex- 
haustive, but it is sufficient to indicate the importance of 
the subject and why a knowledge of the fundamental prin- 
ciples upon which colloid chemistry is based is desirable. 
The properties of colloids provide a rational explanation 
for many common phenomena of everyday life, and a care- 
ful study of the subject matter of this problem will help 
you develop a more intelligent understanding of the prac- 
tical applications of matter described as colloidal. 




Brown Brothers 


Many apparent 


100. Matter in the colloidal condition, 
solutions are not true solu- 
tions; they are only “near- 
solutions.” So-called starch 
solution is a familiar exam- 
ple. Such mixtures were 
studied by the Scotch chem- 
ist, Thomas Graham, who 
suggested that all substances 
be classified into two groups: 
namely, crystalloids and col- 
loids. His distinction was 
based chiefly on the speed 
with which substances diffuse 
in water, and hence the mas- 
siveness of the particles. The 
properties of the resulting 
solutions were also consid- 
ered. Sugar, salt, and mag- 
nesium sulfate all have a 
crystalline form, diffuse rap- 
idly in water, and form solu- 
tions which pass readily 
through filters. On the other 
hand, the majority of compounds like starch, glue, 

1 From Applied Colloidal Chemistry, Third Edition, by W. D. Bancrofl 
permission o£ the author and McGraw-Hill Book Company, Inc., New York. 


Fig. 94. Thomas Graham (1805- 
1869). A Scottish chemist and 
professor of chemistry who stud- 
ied solutions and is known as “the 
father of colloid chemistry.” His 
studies with membranes laid the 
foundation for developments in 
the field of osmosis. 
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are without crystalline form, diffuse slowly in water, and form 
solutions which clog the pores of most filters. To these latter 
substances, Graham applied the term “colloid,” meaning “glue- 
like.” 

We no longer think of colloidal matter as glue-like even 
though the properties of some colloids suggest that condition. 
Instead, we accept the broader view of Professor Bancroft, 
who defines this study as “the chemistry of bubbles, drops, 
grains, filaments and films.” On the basis of this definition, we 
think of colloidal chemistry in terms of the size of particles 



Fig. 95. Salt passes 
downward through the 
membrane but starch 
does not. 


rather than in terms of any particular 
kind of matter. If we think of particles 
of matter which are larger than the 
largest molecules so far considered, but 
smaller than particles too large to be 
suspended, we will get a good idea of 
the size-range in which colloids are in- 
cluded. The actual size of these parti- 
cles has been estimated to be from one 
ten-thousandth to one one-millionth of 
a millimeter in diameter. 

101. Development of coUoidal 
chemistry. In this story of near- 
solutions, we desire to give due credit 
to the early workers in this particular 
field of chemistry. As we have already 
seen, Graham classified substances as 
crystalloids or colloids as a result of 
his experiments in filtration and 


osmosis. By using parchment paper 
filters, he discovered that when crystalloids and colloids were 
present in the same mixture and it was put into water, such 
substances as salt and sugar would pass through, while sub- 
stances like glue, starch, gums, and gelatin were retained by 
the filters. This separation is known as The special 




Fig. 96. The Tyndall effect. A beam o£ light from a projection 
lantern was simultaneously focused on these two glass jars. The 
jar on the left contains a sodium chloride solution. The jar on the 
right contains a colloidal dispersion of starch. 


Courtesy Bauscu & Lomb Optical Co. 


Fig. 97. Ultramicroscope. A strong beam of light B, coming from 
the carbon arc A, illuminates colloidal particles in the liquid placed 
at C, so that the observer looking through the eyepiece at D, will 
see what appear to be dancing points of light. 
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filtering apparatus to bring about dialysis is known as a 
dialyzer. It is not definitely known why crystalloid substances 
pass through it and colloids do not. It is known, however, 
that the particles of colloidal matter are many times larger 
than those of simple solutions and that the pores of mem- 
branes are very fine. For this reason it is believed that the 
size of colloidal particles accounts, in the main, for their reten- 

Some of you may wonder 
how chemists know that mat- 
ter really exists in such a 
finely divided state. Fara- 
day showed that if a strong 
beam of light is directed 
against a crystalloid solution 
and a suspension, its path is 
visible only through the sus- 
pension. T 3 mdall applied 
this knowledge to colloidal 
solutions, and it is now 
known as the Tyndall effect 
(Fig. 96). This effect is sim- 
ilar to that experienced when 
standing in a dark room into 
which a ray of light enters. 
In the air near such a beam 
of light, thousands of bright, 
flashing motes of dust are 
apparently visible. 

Further evidence for the 
existence of colloidal matter 
was obtained after the invention of the ultramicroscope (Fig. 
97) by Zsigmondy (Fig. 98) and his assistants. This instru- 
ment magnified the Tyndall effect and showed colloidal par- 
ticles in liquids as bright points moving like specks of dust in 


tion by certain membranes. 


Fig. 98. Richard Zsigmondy 
(1865-1929). A German chemist 
and inventor of the ultramicro- 
scope. This apparatus made pos- 
sible important discoveries in the 
field of colloidal chemistry. Zsig- 
mondy was awarded the Nobel 
prize in 1925. 
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a sunbeam. These movements had previously been shown 
by Robert Brown, an English botanist, to be jerky or zigzag 
motions (Fig. 99). It is thought that these motions are 
caused by the impacts of fast-moving molecules of the liquid 
pounding against the colloidal particles. This phenomenon is 
termed the Brownian movement in honor of the original dis- 
coverer, and it explains in part why colloidal matter does not 
settle. 

102. Systems of matter in the colloidal condition. From 
the preceding discussion, you might infer that colloids consist 
only of solids distributed 
in liquids. This conclu- 
sion is not true. It is 
generally understood that 
the term colloidal applies 
to any state of matter 
when the size of its par- 
ticles varies between one 
ten-thousandth and one 
one-millionth of a milli- 
meter in diameter. Not 
only may we have such 
fine particles of solids, 
liquids, and gases, but also mixtures of any two of them. 
Thus there would seem to be nine systems of colloidal mix- 
tures; but since any two non-reacting gases form a molecular 
mixture in all proportions, only eight systems of colloidal solu- 
tions are possible. 

It is apparent that we cannot use the same terms to describe 
colloid solutions as were used to describe the components of 
crystalloid solutions. Instead of solute and solvent, we speak 
of the dispersed material and the dispersing medium. A study 
of Table 12 will help to make clear the meanings of these new 
terms. The table also gives several examples of the eight pos- 
sible colloidal systems. 
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TABLE 12 


Colloidal Systems 



Dispersing Medium 

Material 

Solids 

Liquids 

Gases 

Solids in 

Metallic alloys 
Ruby glass 
Porcelain 

Paint 

Muddy water 

Hot chocolate 
(Suspensions) 

Ordinary smoke 
Cigarette smoke 
Ammonium chlo- 
ride smoke 

Liquids in 

Cheese 

Gelatin dessert 

Milk 

Mayonnaise dress- 
ing 

Cod liver oil 
(Emulsions) 

j Mist and fog 
Clouds 

Gases in 

Meerschaum 

1 Pumice 

Beaten white of 
egg 

Whipped cream 

Ice cream soda 

Form molecular 
mixtures 


103. Conimon dispersed systems. {!) Suspensions. A 
suspension for study may be prepared by saturating distilled 

water with arsenious oxide, 
AsaOg, and passing hydrogen 
sulfide, H 2 S, into the solution. 
A colloidal dispersion of yel- 
low arsenious sulfide, AsaSs, 
will be obtained. The arseni- 
ous sulfide does not settle 
upon standing, and it cannot 
be separated from the liquid 
by ordinary filter paper. The 
particles, however, can be caused to coalesce and precipitate 
by means of two different treatments. 

If two wire electrodes are introduced into a beaker of 



Fig. 100. Coagnlation o£ arseni- 
ous sulfide by electricity. 
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arsenious sulfide suspension, and a direct current of about 
eight volts is passed through the electrodes, after about ten 
minutes it will be observed that the colloidal particles collect 
at the positive electrode and settle out (Fig. 100) . 

If small portions of arsenious sulfide suspension are poured 
into two separate test tubes, and a few cubic centimeters of 
hydrochloric acid and sodium chloride solution are added to 
the tubes respectively, it will be observed that precipitation 


Courtesy G. O. Martin and U. S. Geological Survey 

Fig. 101. Formation o£ a river delta. Suspended material in fresh 
water is precipitated by the salt water of the ocean as the river 
reaches its mouth. 


also occurs. Such ionic compounds, which are known col- 
lectively as electrolytes, produce about the same effect in pre- 
cipitating suspended colloidal particles as does an electric cur- 
rent. The formation of deltas at the mouths of such rivers as 
the Nile and the Mississippi is, in large measure, due to a 
similar cause. The rivers carry colloidal clay which builds up 
deltas as it deposits, due to the slackening of the current and 
the precipitating action of dissolved mineral salts in the waters 
into which the rivers empty. 
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(2) Emulsions. Emulsions constitute another class of com- 
mon colloidal mixtures. To make a simple emulsion for study, 
we need only kerosene, water, and soap. When small portions 
of kerosene and water are shaken together in a test tube, a 
whitish mixture is formed; but it quickly separates into two 
layers with the oil on top of the water. If a few drops of 
soap solution are next added and the mixture is shaken vigor- 
ously, a rather stable emul- 
sion will be formed. The 
soap, which is called the 
emulsifying agent, forms a 
film around each tiny drop 
of oil, thereby preventing 
them from running together. 

A microscopic examination 
shows milk to be an emulsion 
of butterfat in water; casein 
is the emulsifying agent. 
When the milk is churned, 
or when an acid is present, 
as in sour milk, the casein 
film is broken and the glob- 
ules of butterfat coalesce 
into large masses. Casein is 
also used as an emulsifying agent in the preparation of cod 
liver oil emulsions. Mayonnaise is an emulsion of olive oil 
in water and vinegar; egg-yolk is used as the emulsifying 
agent. 

(3) Other colloidal dispersions. Other common examples of 
colloidal dispersions include smokes, fogs, and foams. Smokes 
may be thought of as suspensions, for they consist of fine 
particles of solids dispersed in a gas. In ordinary smoke, such 
as that from furnaces, locomotives, and tobacco, the solid 
particles are chiefly carbon and the gas is air. In the labora- 
tory, however, other smokes are often encountered. They in- 
clude the smoke produced by burning phosphorus, the am- 



Fig, 102. Microscopic view of the 
distribution of particles in an 
emulsion. Each particle is pro- 
tected by a film which keeps it 
from coalescing with the others. 
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monium chloride smoke formed when the vapors of ammonium 
hydroxide and hydrochloric acid react, and the smoke result- 
ing when sulfuric acid is boiled. 

In a sense, fogs and foams are also suspensions, although in 
some ways they are more like emulsions. Fog is a dispersion 
of very small water droplets in air, each condensed around a 
tiny speck of dust, and as they coalesce into drops too large to 
be suspended, the water precipitates. A rise in temperature, 
however, disperses fogs by reduc- 
ing the colloidal droplets to molec- 
ular form. 

Foams and froths are produced 
by the distribution of tiny bubbles 
of a gas throughout a liquid. 

Whipped cream, beaten white of 
egg, and ice cream soda are good 
examples of this kind of colloidal 

dispersion. ^ ,^3. When two oppo- 

104. General properties of sitely charged colloids are 
colloids. For our purposes, these ® 

properties may be grouped under 

three headings. An understanding of them will explain in large 
measure why colloids behave as they do, and will also account 
for some of the uses of matter in the colloidal condition. 

(1) Colloidal particles possess electrical charges. Our study 
of the arsenious sulfide colloid showed that the tiny particles 
could be caused to coalesce by treatment with a direct current 
of electricity. This fact demonstrates that the colloidal par- 
ticles are charged electrically and, since like charges repel, they 
remain suspended until their charges are neutralized. After 
this, they precipitate. Since the arsenious sulfide collects at 
the positive electrode, the colloidal particles must bear nega- 
tive charges. Many colloids carry positive charges. The mix- 
ing of two oppositely charged colloids will often produce the 
precipitation of both (Fig. 103). As an example, negatively 
charged arsenious sulfide suspension can be precipitated by 
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treating it with a suspension of colloidal ferric hydroxide, a 
positive colloid. 

(2) Colloidal particles collectively have large surfaces. 
Since colloidal matter is in a state of fine division, the millions 
of tiny particles present an unbelievably large surface; in fact, 
colloids seem to be “almost all surface.” To comprehend the 
meaning of this expression, imagine a six-inch wooden cube. 
The total surface area would be 216 square inches. Now 
imagine cutting this large cube into one-inch cubes. The sur- 
face area of the same volume of wood would be increased to 
the large total of 1296 square inches. In a similar manner, 
if a lump of clay were pulverized fine enough to be suspended 
in water, the total surface area of the resulting particles would 
be enormous. 

All surfaces have the property of attracting and holding 
vapors, gases, or other matter with which they come into con- 
tact. This property is known as adsorption, and it is of par- 
ticular interest when applied to colloids, especially emulsions. 
The cleansing qualities of soap emulsions are chiefly due to 
their capacity of adsorbing dirt particles. Various kinds of 
charcoal have marked ability to adsorb different gases. This 
is dependent upon the large surface presented by the charcoal 
mass which is due to its porous structure. Gas masks usually 
contain activated charcoal (specially treated charcoal), for 
it is the best-known adsorbent for poisonous gases. Small con- 
tainers of charcoal are sometimes placed in refrigerators to 
adsorb the disagreeable odors of certain foods. Charcoal is 
often used as an aid in obtaining high vacuums, the last traces 
of air being removed by adsorption. Adsorption is one of the 
most interesting and useful properties of colloids. 

(3) Colloidal particles appear highly colored. Before we 
can understand why this is so, we must briefly consider the 
nature and causes of colors in general. Ordinary light is called 
white light, and in dealing with the colors derived from it, 
scientists recognize two kinds: namely, pigment colors, and 
structural colors. 
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When sunKght passes through a glass prism, it is spread out 
into a continuous spectrum of colors. This behavior illustrates 
structural colors due to the unequal bending and sorting of 
light of different wave lengths. When sunlight shines on a 
mirror, practically all of it is reflected; but when sunlight 
shines on a red sweater, we say the red light is reflected 
and all of the other light is absorbed. It is believed that 
the absorbed light is converted into heat, or chemical 
action, or both. The color of a red sweater, then, illustrates a 
pigment color. The colors of the rainbow, soap bubbles, and 
oil films on water are examples of structural colors ; dyes, paint 
pigments, copper sulfate solution, and potassium permanganate 
solution are examples of pigment colors. 

Returning now to the subject of colloids, we may say that 
their colors, almost without exception, are structural colors; 
that is, they are the colors, or the parts of colors, caused by 
the effect of such physical or structural factors as size and 
shape of the colloid particles on white light. 

Solutions of colloidal gold are often used in the study of 
colloid colors. If a dilute solution of gold chloride is properly 
mixed with tannic acid, a chemical reaction takes place which 
liberates colloidal particles of gold of such size that they 
scatter or reflect blue light waves but transmit the red light. 
The solution therefore appears red. If the colloidal suspension 
is then treated with a solution of an electrol5d;e, such as sodium 
chloride or sulfuric acid, the color of the colloid changes to 
blue. The explanation lies in the fact that the electrolyte 
causes the gold particles to coalesce into larger masses, and 
these have the ability to scatter the red light and transmit the 
blue. It thus follows that the same kind of colloidal matter 
may appear to have different colors depending on the size of its 
particles. Some structural colors depend upon the angle of the 
reflection of light from the colloidal matter, while others de- 
pend upon whether the material is viewed by transmitted or 
reflected light. Changeable silk shows a variety of colors de- 
pending upon how the light is reflected from it. When a bottle 




Courtesi^ 13. S. Colloid Mill Corp. 

Fig. 104. A colloid mill such as the one illustrated above grinds 
particles to colloid sizes. 


Courtesy D. S. Coiloid Mill Corp. 


figure on the right compares the size of particles 
atter they have passed through the colloid mill, with those on the 
left before they have passed through. 
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of ordinary lubricating oil is held between' the^ observer' and 
a source of light, it appears reddish; on the other hand, its 
color appears greenish when it is viewed by reflected light. 
Other instances of structural colors due to the ' influence of 
colloidal particles include the blue of the sky and the brilliant 
■colors of sunsets, the blue color of tobaccO' smoke, the colors 
of certain gems: and varieties of glass, the colors of tempered' 
steel, ' the blue feathers of 
some birds, and the colors of 
our eyes. 

. 105. Preparation of col- 
loids. Colloidal dispersions 
f 01 ' laboratory , study or for 
industrial purposes are pre- 
pared by a relatively ' few 
general methods. ■': ; 

(1 ) Dissolution. Some sub- 
, stances can ' be , dispersed in 
the colloidal condition merely Fig. 106 . Bredig’s electric arc 
by bringing them into contact 
with a suitable dispersing 

medium. For example, gelatin, starch, soap, glue, and similar 
materials practically dissolve in water. Agitation and heating 
often assist the process of dissolution. 

(2 ) Colloid mills. Some materials can be reduced to colloidal 
size by grinding them in specially designed machines called 
colloid mills (Figs. 104 and lOS). Hard solids cannot be 
ground fine enough to produce dispersions of high degree, how- 
ever, and colloid mills are now used chiefly in the preparation 
of emulsions. The manufacture of paints is done in machines 
resembling colloid mills. 

(3) Electric arc dispersion. Practically all of the metals 
have been colloidally dispersed by forming a direct current arc 
between two electrodes immersed in a liquid and constructed 
of the metal whose dispersion is desired (Fig. 106). This is 
known as Bredig’s electric arc, because the first use of this 
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method is attributed to this scientist. The metal is believed 
to vaporize at the temperature of the arc, and then condense 
as colloidal particles in the liquid. 

(4) Oxidation-reduction reactions. Hydrogen acting as a 
reducing agent will slowly liberate colloidal silver from silver 
oxide in the presence of water: 

Silver Oxide -f- Hydrogen Silver -f Water 
AgaO -f- H2 — ^ 2 Ag -j- H2O 

Colloidal dispersions of gold have also been prepared by reduc- 
ing gold compounds with a variety of reducing agents. Some 
colloidal dispersions of such metals have medicinal applications. 

Other methods of preparing colloidal dispersions are known, 
but those just described are adequate to indicate that matter 
can be made to assume the colloidal condition by (1) disper- 
sion methods, and (2) condensation methods. Methods of the 
first type cause particles too large to be designated as colloidal 
to undergo subdivision until they fall within the colloidal size 
range. Methods of the second type cause particles too small 
to be classed as colloidal to coalesce and build up to colloidal 
dimensions. 

106. Stabilizing colloidal dispersions. Many desirable 
colloidal dispersions are unstable and tend to break down. To 
prevent such colloids from precipitating, various substances 
called protective colloids may be added during their prepara- 
tion. The use of these stabilizing agents is widespread in in- 
dustry. For example, India ink is a colloidal suspension of 
lampblack, a form of finely divided carbon, and is stabilized 
by the addition of gum arabic. Gelatin and glue are commonly 
used as protective colloids because of their ability to form a 
coating or film around the colloidal particles, thereby prevent- 
ing them from coalescing. Gelatin, or a similar substitute, is 
generally added during the quantity production of ice cream to 
prevent the formation and growth of crystals, thus insuring 
a smooth, velvety product. Glue is often added to prepara- 
tions used in treating water for boilers to prevent the for- 
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mation of boiler scale. The dissolved minerals in the water 
tend to precipitate and adhere to the boiler tubes and pipes as 
the water is heated, and the glue presumably prevents this by 
coating each tiny particle with a protective film. 

107. Common applications of colloid chemistry. Our 
study of the fundamentals of colloid chemistry has indicated 
a few of its many applications. Colloid chemistry is so im- 
portant and is common in so many phases of our life that it 
has sometimes been called “the chemistry of everyday life.” 
Before concluding this problem, let us consider a few more 
specific applications of colloid chemistry, and perhaps we shall 
see that its subtitle is richly deserved. 

In the first place, it may be well to point out that living 
matter itself is colloidal. Every cell of plant and animal tissues 
is composed of a complex colloidal material called protoplasm, 
and all the characteristic expressions of life are associated with 
processes that occur in this colloidal matter. The foods we 
eat, the water we drink, and the air we breathe enter the cells 
of the body by osmosis, the colloidal cell walls acting as the 
selective, permeable membranes. Our blood is also colloidal 
in nature. 

The action of soap as an emulsifying agent and the making 
of jelly are two common examples of colloid chemistry from 
the home. Soap acts as a cleansing agent by emulsifying 
greases and oils and by forming a protective film around the 
tiny particles of solid dirt which can then be washed away. 
Much of the action of soap is also due to adsorption. The 
preparation of jelly is an example of the precipitation of col- 
loidal matter as a closely woven network of filaments which 
absorb and hold a great deal of water. The pectin of unripe 
fruit produces the honeycomb structure of the jelly. Jellies 
and gelatin dessert can be liquefied by heating them and they 
are therefore itxmQd- reversible colloids; but the coagulation 
of the white of egg cannot he undone and therefore illustrates 
irreversible co]\.oi6.. 

The applications of colloid chemistry in industry are very 
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numerous and quite important. Many entire industries may be 
classed as colloid chemistry industries. It is especially true 
that the manufacture of glass, shellac, paints, varnishes. 



i iic uac WL axumjiuuui isuiieiLt; ill precipitating 
impurities in water. Water before and after 
)eing treated with aluminum sulfate. 


cement, rubber, bakelite, celluloid, leather, and clay products 
involve many problems in colloid chemistry. It is also very 
likely that the behavior of catalytic agents is associated with 
their colloidal nature. Those who have studied the problem 
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believe the causes lie chiefly in the increased concentration 
of the reacting substances on the surfaces and in the pores of 
the catalyst. 

Many cities apply colloidal chemistry to the purification of 
their water supplies as a means of removing the suspended 
impurities. By treating the raw water with alum or alu- 
minum sulfate, a gelatinous precipitate of aluminum hydroxide 
is produced (Fig. 107). This has the capacity to adsorb the 
suspended matter and bacteria as it slowly settles. The puri- 



Fig. 108 . A sand filter for purifying water. 


fied water is drawn off through gravel and sand filters to re- 
move the aluminum hydroxide (Fig. 108). 

One further example will perhaps suffice to conclude this 
discussion of the applications of colloid chemistry. It has 
long been known that many valuable materials are lost in the 
form of smokes passing from the stacks of smelters, cement 
mills , paper mills, and other similar factories. The carbon 
particles of ordinary smoke are also destructive to our cloth- 
ing and homes and are detrimental to our health. All of these 
colloidal particles are either electrically charged, or can be 
charged by subjecting them to a strong electrical field. 

Dr. F. G. Cottrell took advantage of this fact and devised 
a method of abating ordinary smoke and recovering valuable 
ma ter ials from certain Others. The smoke-laden air is passed 
near an electrode supported in the middle of the chimney and 
surrounded by a plate electrode, both of which are connected 
to a high-voltage direct current of electricity. As the smoke 
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particles pass the electrode, they receive a charge of the same 
sign and are then attracted to the plate electrode of opposite 
sign. Here they are discharged and precipitated as coherent 



Fig. 109. Principle of the Cottrell process. 

dust (Fig. 109). This is known as the Cottrell process, and is 
an outstanding achievement in the field of colloid chemistry. 
In many cases it is saving factories hundreds of dollars each 
year by recovering valuable materials which would otherwise 
pass out through the smokestack as waste (Fig. 110). 


Problem Summary Exercises that Everyone Should Do 

1. Compare and contrast crystalloid solutions and colloid solu- 
tions, using the terms solute, solvent, dispersed medium, and dis- 
persing medium. 








Courtesy Research Corporation 

Fig. 110. Application of the Cottrell process for the elimi« 
nation of smoke. A comparison of these two pictures pro- 
vides eloquent testimony as to the effectiveness of this 
device. These pictures were taken within five minutes of 
each other. In the lower one the Cottrell process is not 
operating. 
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2 . Discuss the nature and value of the contributions of Graham, 
Brown, Tyndall, and Zsigmondy as they relate to colloid chemistry. 

3 . Describe the eight classes of colloidal dispersions possible, and 
give' one example of each. 

4. Name at least one common example of an emulsion, a suspen- 
sion, a smoke, a fog, a foam, and state the nature and general prop- 
erties of each. 

5. Explain why it is believed that some colloidal particles carry 
electrical charges, and show how this may account for their behavior. 

6. Describe the meaning and importance of adsorption. 

7 . Explain why some materials seem to possess two colors, or a 
color that can be altered, when they contain no pigment. 

8. Name the general methods of preparing colloidal dispersions, 
and give examples of each. 

9 . Explain or identify: (a) Brownian movement; (b) Tyndall 
effect; (c) dialysis; (d) structural color; (e) pigment color; (f) 
emulsifying agent; (g) colloid mills; (h) protective colloid; (i) 
Cottrell process. 

10. Make a list of the applications of colloid chemistry men- 
tioned in this problem and name the chief property, or properties, of 
colloidal matter on which each is dependent. 


III. OPTIONAL MATERIAL FOR THE UNIT 

ADDITIONAL PROBLEM SUMMARY EXERCISES 

1 . Explain how ice can be removed from steps and sidewalks by 
the application of common salt. 

2. Other factors than molecular weight being equal, which of the 
following common anti-freeze compounds would be most effective 
for use in an automobile radiator: (a) methyl alcohol, CH3OH; (b) 
ethyl alcohol, C2H5OH; (c) glycerin, C3H5(OH)3; (d) ethylene 
glycol, C2H4 ( OH ) 2 ? Explain fully. 

3 . Suggest an explanation to account for the blue colors of to- 
bacco smoke and milk. 

4 . What methods could be used to distinguish between a col- 
loidal dispersion and a true solution? 
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5. Justify the statement: ^^Ali scientists agree that we live in a 
^water world.’ 

6. Prepare a list of the properties of water, and classify them as 
chemical or physical. 

7. In the preparation of laboratory solutions of reagents, why is 
distilled water preferred to tap water? To filtered water? 

8. In what ways may water be relieved of suspended impurities? 
Dissolved impurities? , 

9. Distinguish between reversible and irreversible colloids, and 
give an example of each. 

10. Distinguish between the terms absorption and adsorption; 
give examples of each. 

EXERCISES IN CHEMICAL ARITHMETIC 

1. Calculate the number of grams of silver nitrate required to 
saturate 750 cc. of water at 20° C. 

2. Given the following experimental data, calculate the solubility 
of potassium dichromate at 20° C. 

Weight of evaporating dish and cover. ....... 108.37 g. 

Weight of evaporating dish, cover, and solution 126.01 g. 

Weight of evaporating dish, cover, and residue 
after evaporation 110.42 g. 

3. If one liter of water at 100° C. is saturated with copper sul- 
fate, how many grams of the solute would be expected to separate 
upon cooling the solution to 50° C.? 

4. What weights of materials must be used to prepare 5 liters of 
a 0.3 M solution of copper sulfate from blue vitriol, CuS 04 ‘ 5 H 2 O? 

5. Calculate the molarity of a solution prepared by dissolving 
35 g, of silver nitrate so as to make 450 cc. of solution. 

6. What weight of pure glycerin would be required to lower the 
freezing point of 15 liters of water to — 15° C.? What Fahrenheit 
temperature would this be? 

7. Calculate the approximate molecular weight of urea if 1.5 g. 
of it dissolved in 50 cc. of water produces a solution freezing at 
—0.93° C. 

8. Calculate the approximate molecular weight of a compound 
SO g. of which lowers the freezing point of 250 cc. of water 2.07° C. 
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9, Galciulate the weight of zinc sulfate in 300 g. of a 10% solu- 
tion prepared by dissolving ZnS 04 *7 H 2 O. 

10. Calculate the weight of magnesium sulfate per cubic centi- 
meter in a solution prepared by dissolving 75 g. of MgS 04 * 7 H 2 O so 
as to make two liters of solution. 

TOPICS FOR INVESTIGATION AND REPORTS, 

1. Industrial Solvents and Their Uses 

2. Solvents and Their Uses in Dry-Cleaning 

3. Irrigation and Dry-Farming 

4. Formation and Growth of Large Alum Crystals 

5. Importance of Osmosis to Plants and Animals 

6. Determination of Molecular Weights by Various Methods 

7. Structure of Crystals 

8. Color Properties of Colloids and Their Applications 

9. Electrical Properties of Colloids and Their Applications 

10. Adsorption Properties of Colloids and Their Applications 

IV. UNIT RECITATION AND TEST 

TOPICS FOR ORAL OR WRITTEN RECITATION 

1. Characteristics of Crystalloid Solutions 

2. Water as a Solvent 

3. Solubility of Substances 

4. Concentration of Solutions 

5. Preparation of Solutions 

6. Solutions as Molecular Mixtures 

7. Vapor Pressure of Solutions 

8. Boiling Points of Solutions 

9. Freezing Points of Solutions 

10. Separating the Solute and Solvent of a Solution 

11. Formation and Characteristics of Crystals 

12. Relations Between Crystals and Water 
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13. Solutions in Everyday Life 

14. Colloidal Dispersions of Matter 

15. History of Colloid Chemistry 

16. Classes of Colloidal Dispersions 

17. Electrical Nature of Colloids 

18. Adsorption by Colloidal Matter 

19. Color Properties of Colloids 

20. Preparation of Colloids 

21. Colloids in Everyday Life 




UNIT FOUR 

CHEMICAL ACTION IN SOLUTION 


I. THE UNIT ASSIGNMENT 

Defining the unit. It is an interesting fact that certain 
substances do not readily undergo chemical change until they 
are dissolved in water. This can be demonstrated by adding 
water to a small sample of baking powder. Now, if you recall 
the experiment in the decomposition of water, you wUl remem- 
ber that distilled water is not a conductor of electricity. We 
learned, however, that if some sulfuric acid is added, a con- 
ducting solution is formed, and the decomposition of the water 
then proceeds satisfactorily. 

This discussion leads us to consider two very significant 
questions: (1) Why is it that some chemical reactions take 
place so readily in solution, when they often will not occur 
when the reacting substances are dry?, and (2) Why will dis- 
tilled water conduct an electric current after sulfuric acid is 
added, but not before? At first glance, these two questions 
may not appear to have any relationship to each other, but as 
we undertake the study of this unit, we shall see that the 
answers to both involve the same fundamental idea. 

Many years ago a young Swedish chemist, Svante Arrhenius, 
pondered over questions similar to those we have proposed 
here. His interest in finding their answers led him to experi- 
ment extensively with solutions. In 1887 he announced his 
conclusions in the form of a theory to the scientific world. 
This theory, together with its modifications, has for many years 
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provided us with the most adequate explanation for chemical 
reactions in solutions. 

■ Our study of the characteristics of simple solutions in Unit 
Three was confined to solutes such as sugar, glycerin, and 
alcohol, which are non-polar compounds formed by the sharing 
of electrons. Now we shall consider compounds formed by the 
exchange of electrons. As we learned in Unit Two, such com- 
pounds are termed polar or ionic, because they are composed of 
electrically charged atoms or radicals, called ions. Acids, bases, 
and salts belong to this group of substances. A study of their 
properties and behavior will not only enable us to form certain 
conclusions concerning them, but will also reveal further evi- 
dence in answer to the questions already proposed regarding 
chemical action in solution, and the conductivity of solutions. 


UNIT PROBLEMS TO BE SOLVED 


PROBLEM 1: HOW DOES THE THEORY OF DISSOCIA- 
TION PROVIDE AN EXPLANATION FOR 
CHEMICAL REACTIONS IN SOLUTION? 

PROBLEM 2: HOW DOES THE THEORY OF DISSOCIA- 
TION ACCOUNT FOR ELECTROCHEMICAL 
REACTIONS? 

PROBLEMS: HOW DOES THE THEORY OF DISSOCIA- 
TION ACCOUNT FOR THE PROPERTIES 
AND BEHAVIOR OF ELECTROLYTES? 


PROBLEM 4: HOW ARE ACIDS, BASES, AND SALTS PRE- 
PARED, AND HOW ARE THEY NAMED AND 
CLASSIFIED? 
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IL ASSIMILATIVE MATERIAL FOR THE UNIT 

PROBLEM 1: HOW DOES THE THEORY OF 
DISSOCIATION PROVIDE AN EXPLANATION 
FOR CHEMICAL REACTIONS IN SOLUTION? 

Problem Assignment. We have learned that some 
compounds are ionic in nature; that is, they are composed 
of oppositely charged particles held together by their elec- 
trostatic attractions. WTien such a compound, sodium 
chloride for example, is dissolved in water, what becomes 
of the ions of which it is composed? We have ions in the 
crystal; then why wouldn’t we have them in the solution? 

If so, how would the ions behave if an electrical field is set 
up in the solution by introducing two electrodes connected 
to a source of current? In this problem we propose to 
establish the idea that charged particles can and do exist 
in solution. Then we shall see how such a theory is useful 
in accounting for observed experimental facts. 

108. Evidence for ionic dissociation in solution. When 
non-polar compounds are dissolved in water, the particles in 
solution are molecules; sugar, glycerin, and alcohol are exam- 
ples. But when polar compounds are dissolved in water, the 
particles in solution are ions. The formation of ions in solu- 
tion may be represented by the following for ionic 

dissociation: 

NaCl ?:± Na+, Cl" 

CaCl2?:iCa++, 2 Cl- 
KaCSOi) K+, (SO4) — 

Double arrows are used to indicate the natural tendency for 
oppositely charged ions to associate again. Two kinds of evi- 
dence justify our belief in the existence of ions in solution. 

(1) Freezing points of solutions. We have already learned 
that one gram molecular weight of sugar, glycerin, or alcohol, 
when dissolved in one liter of pure water, forms a solution 
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which freezes at —1.86° C. Any increase or decrease in the 
concentration of such a solution causes a proportionately 
greater or smaller lowering of its freezing point (Sec. 92). In 
our previous study, we came to the conclusion that the im- 
portant factor in affecting the freezing point of a solution is 
the number of dissolved particles it contains. 

When one gram formula weight of sodium chloride is dis- 
solved in one liter of water, the freezing point of the solution 
approaches twice 1.86° below zero centigrade. This experi- 
mental evidence suggests to us that such a solution contains 
about twice as many particles as a similar sugar solution. The 
only way we can account for this number of particles is to as- 
sume that the sodium chloride dissociates into its ions. A study 
of the data presented in Table 13 will emphasize the fact that 
polar compounds dissociate into their constituent ions when 
dissolved in water. 

TABLE 13 


Comparison o£ Freezing Points of Solutions of Equivalent 
Weights of Polar and Non-Polar Compounds in one Liter 

in Water 


Compound 

Formula 

Gram Formula 
Weight; Gram 
Molecular 
Weight 

Approxi- 
mate F. P. 
OP Solution 

Particles 

IN' 

Solution 

Number 

OF 

Particles 

Glycerin 


92 

grams 

C. 

Molecules 

X 

Sugar 


342 

grams 

—1.86° C. 

Molecules 

X 

Ethyl 

alcohol 

C,H,(OH) 

46 

grams 

—1.86° C. 

Molecules 

, X.;. 

Sodium 

chloride 

NaCl 

58.5 

grams 

—3.72° C. 

Ions 

2x 

Calcium 

chloride 

CaCl^ 

in 

grams 

—5.58° C. 

lonsV' 

3x 
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(2) Conductivity of solutions. As early as one hundred 
years ago, Michael Faraday observed that all substances 
can be classified into two groups according to their ability 
to form conducting solutions. Those whose water solutions 
are conductors of the electric current are called electrolytes, 
while those whose water solutions do not conduct the electric 
current are termed non-electrolytes. We now know that non- 
electrolytes include compounds formed by covalent linkage, 
such as sugar, glycerin, and 
alcohol, and that electrolytes 
include all soluble acids, 
bases, and salts. These, as 
we have learned, are ionic 
compounds. 

Is it not reasonable to 
suppose that the passage of 
the electric current through 
such a solution is associated 
with the behavior of the 
charged ions which it contains? Chemists think so, and they 
base their beliefs on the fact that a chemical change always ac- 
companies the passage of an electric current through a con- 
ducting solution. Such a chemical change is called electrolysis 
(Fig. 111). During the electrolysis of a hydrochloric acid so- 
lution, hydrogen is liberated at the negative electrode {the 
cathode), and chlorine is evolved at the positive electrode 
{the anode) . The relationships between electrical energy and 
chemical reactions are discussed at length in Problem 2 of this 
unit. 

109. The theory of dissociation in solution. In 1887 
Arrhenius (Fig. 113) propounded his idea of dissociation while 
still a comparatively young student at the University of Stock- 
holm. At first his theory was given very little consideration, 
but those who scoffed received an effective rebuke later when 
Arrhenius was awarded the Nobel prize in chemistry in 1903. 
The Arrhenius theory has recently been modified, however, 



Fig. 111. Electrolysis of a solu- 
tion of hydrogen chloride. 
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because of the results of further experimentation and investiga- 
tion. Consequently, today we have a much more accurate pic- 
ture of what happens when an ionic compound is dissolved in 
a non-conducting solvent such as water. The essential assump- 
tions regarding dissociation 
are as follows: 

( 1 ) When ionic com- 
pounds are dissolved in 
water, the positive and nega- 

“i- i which they are 

come free to move about in 
solution just like dissolved 
molecules. Since the total 
number of charges on all of 
the positive ions just equals 
the total number of charges 
on all of the negative ions, 
the solution is electrically 
neutral. 

(2) Because of electro- 
static attractions between 
them, positive and negative 
ions tend to associate them- 
selves in groups or “clus- 
ters.” Consequently, the in- 
fluence of some individual 

ions is lost, and the apparent dissociation of electrolyte solutes 
seems to be less than 100 percent. 

(3) The degree of dissociation depends upon certain factors, 
particularly the nature of the electroljde, the nature of the 
solvent, the temperature, and the concentration of the solution. 
The apparent percentage of dissociation differs widely with 
various electrolytes; some approach almost 100 percent, while 
others range downward to less than 1 percent. Water permits 


From the Lyman Churchill Newell 
Histoiy of Chemistry Collection of 
Boston University 

Fig. 112. Michael Faraday (1791- 
1867). An English scientist who 
studied the electrolysis of solu- 
tions, and laid the foundations for 
industrial applications of electric- 
ity. He was among the first to 
study the liquefaction of gases. 
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greater dissociation than any other solvent known. Experi- 
ments show that dissociation is greater in dilute solutions than 
in concentrated solutions. This is believed to be due to the 
greater distances between the dissolved ions in dilute solutions, 
which lessens their tendency 
to associate themselves in 
clusters. ^ 

tion. Positive ions migrat^ 
to the cathode where they 
regain their lost electrons, 
and negative ions migrate to 
the anode where they give 
up their borrowed electrons; 

again. An electric current is 

conducted through a solution pig. 113. Svante Arrhenius (1859- 

by means of this migration 1927). A Swedish physicist and 
i . chemist who in 1883 formulated 

01 ions. the theory of electrolytic dissoci- 

110. Chemical reactions ation. He received the Nobel 
. ... Tr j j. 1 prize in chemistry m 1903, and 

in solution. It dry crystals later received the appointment of 

of potassium iodide and lead Director of the Nobel_ institute 
. , , j i it. for Physical Chemistry, 

nitrate are ground together 

in a mortar, little evidence of a chemical reaction is observable. 
If these compounds are dissolved in water, however, and their 
solutions are mixed, a yellow precipitate forms almost instan- 
taneously. This indicates that a rapid and complete chemical 
change has taken place. 

The simple experiment just described is representative of 
many chemical reactions often encountered by students of 
chemistry, as well as by professional chemists. It is always 
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desirable, and often essential, that we be able to explain such 
facts by answering the question, “Why is this so?” Such in- 
formation not only enables us to understand what we are doing, 
but also makes it possible to control the conditions necessary to 
the attainment of our objective. The theory of dissociation 
supplies us with this essential information with respect to 
chemical reactions in solution. 

111. Ionic equilibrium in solution. If we dissolve one 
gram of sodium chloride in fifty cubic centimeters of water, we 
really have a solution containing millions of Na"*" and Cl“ ions. 
A similar solution of potassium nitrate would likewise contain 
countless numbers of K+ and (NOs)" ions. Let us imagine 
mixing together small portions of such solutions. The resulting 
mixture would contain four kinds of ions, as shown by the 
following equation: 

NaCI -f K(NOa) -^Na+, Cl- -f K+, (NOs)- 

Other similar mixtures of compounds in solution might be pre- 
pared as suggested by the following equations: 

Cu(S04) -f- MgCls ^ Cu++, (SO4)-- -f Mg++, 2 Cl- 

CaCla -f ZnfNOsla Ca++, 2 Cl- -f Z11++, 2 (NO3)- 

According to the law of electrical attraction and repulsion, 
only the positive and negative ions in a given mixture can asso- 
ciate. In each mixture just described, then, there are four 
possible combinations of the ions present. The following 
equations for ionic dissociation and recombination represent 
these possible combinations: 

Na+, Cl- + K+, (NO3)- ?:^Na+, (NO3)- -1- K+, Cl- 
Cu++, (SO4) — -h Mg++, 2 Cl?:^ Cu++, 2 Cl- -f Mg++, (SO4) — 
Ca++, 2 Cl- -I- Zn++, 2(N03)- ^Csi++, 2(N03)- ■+• Zn++, 2 Cl- 

These ionic equations are interpreted to mean (1) that the 
compounds on the left of the arrows are soluble, they dissociate, 
and tend to form the compoiuids on the right; (2) that the 
compounds on the right of the arrows are soluble, they dis- 
sociate, and tend to form the compoxmds on the left. The 
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chemist imagines these two tendencies in full play and in 
equilibrium. 

From this discussion, we may conclude that an ionic equilib- 
rium results when any two soluble electrolytes are dissolved 
in water and their solutions are mixed, provided the two new 
possible combinations of ions are also soluble compounds 
which remain dissociated in solution. 

112. Reactions which do not result in equilibrium. The 
chemist is more often interested in having his reactions go to 
completion; that is, he wishes to prevent reversibility and 
equilibrium. He does this by controlling the conditions under 
which reactions take place. The theory underlying this pro- 
cedure is based upon the fact that a reaction will go to com- 
pletion if, by some means, certain pairs of oppositely charged 
ions can be removed from the field of chemical action. There 
are three ways by which this can be brought about. 

(1) Ions may be removed from solution by the formation oj 
water molecules. Water molecules dissociate so sparingly that 
the water of a solution may generally be considered to act as 
a catalyst rather than as a reagent. As a matter of fact, it has 
been shown that water dissociates only to the extent of about 
one molecule in 500,000,000. Therefore, whenever the same 
solution contains both H+ and (OH) “ ions, they may be ex- 
pected to unite and form water molecules. This chemical 
action may be represented as follows: 

H+, Cl- + Na+, (OH)- Na+, Gl- -f HOH 

Single arrows are used to indicate that the reaction proceeds to 
the right. This, of course, is due to the removal of the H+ and 
(OH) - ions as water molecules, often written HOH as well as 
H 2 O. The removal of these two kinds of ions prevents them 
from reacting with the Na+ and Q- ions to form the original 
combinations; hence an equilibrium is averted. Other exam- 
ples of this type of chemical action are: 

H+, (NOs) - + K+, (OH) - K+, (NO 3 ) - 4- HOH 

2 H+, (SO4)— + 2(Na+, (OH)-) 2Na+, (SO4)— + 2 HOH 
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be removed 
'tame. A re; 


Fig. 114. ^ Some sodium carbonate 
was put into this container after 
which dilute sulfuric acid was 
poured over it. This resulted in 
effervescence, or the evolution 
of a gas as shown. One of the 
ways in which a reaction may go 
to completion is to arrange it so 
that one of the products will be 


Fig. 115. The precipitate shown 
above was formed by the reac- 
tion between solutions of sodium 
chloride and silver nitrate. This 
is one of the methods by means 
of which a reaction goes to 
completion. 


a gas. 


pelled from the solution as a gas. When sulfuric acid is added 
to sodium carbonate, the vigorous effervescence indicates a 
rapid chemical reaction (Fig. 114). If the escaping gas is 
tested with a lighted splint and limewater, it can be shown to 
be carbon dioxide. The following equation shows how the two 
reagents may be expected to react: 
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2H+, (SO4) — + 2Na+, (CO3)— 

2 Na+, (SO4)-- + 2 H+, (CO3) — 

This equation does not account for the formation of carbon 
dioxide, however, and we must write a second equation to 
show how it is believed to be formed: 

2 H+, (CO3) HafCOa) H2O - 1- CO2 1 

This equation means that whenever the same solution con- 
tains both H+ and (CO3) ions, they tend to combine and 
form very slightly dissociated H2(C03) molecules. This com- 
pound, carbonic acid, is very unstable and decomposes into 
water and carbon dioxide. Obviously, such a reaction could 
not reverse itself and result in an equilibrium. 

Another gas commonly encountered in dealing with chemical 
reactions in solution is ammonia, NHg. The following equa- 
tions illustrate the formation of this gas as a means of allow- 
ing a reaction to go to completion: 

(NH4)+,CI- + Na+, (OH)--» (NH4)+, (OH)- + Na+, Cl- 
(NH4)+, (OH)- (NH4) (OH) NHg t + H2O 

(3) Ions may be removed from solution by the formation 
of a precipitate. Since a precipitate is not dissolved, obviously 
it could not be dissociated. Reactions that go to completion 
by this method are very common. They may be illustrated by 
the reaction between sodium chloride and silver nitrate 
(Fig. 1 1 S ) , the equation for which is as follows : 

Na+, Gl- -f- Ag+, (NO3)- -^Na+, (NO3)- + AgCl i 

This equation shows that both silver nitrate and sodium 
chloride are soluble in water, and therefore furnish four kinds 
of ions in solution. One of the two possible new combinations 
of these ions is a soluble compound which remains dissociated, 
but the other compound is insoluble; therefore, it precipitates. 
The former is shown to be in the ionic condition, Na+, (NO3) “, 
while the latter is shown to be in the solid condition, AgCl. 
The arrow pointing downward indicates the precipitate. Other 
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examples follow to illustrate the completion of reactions by 
the formation of precipitates: 

Pb++, 2(N03)- + 2 Na+, (SO4) — 2 (Na+, (NO3)-) -f PbfSOi) i 

Hg+, (NO3)- -f (NH4)+, Cl- (NH4)+, (NO3)- -f HgCl i 

113. Rules for solubility. No doubt you are wondering 
how you can tell which combinations of ions are soluble and 
which are insoluble, simply by looking at their formulas. The 
answer is that you cannot. You must refer to a chart of solu- 
bilities, such as Table 41 on page 696 of this book. A careful 
study of the table will reveal the following general rules for 
solubility, which you are urged to learn as an aid and time- 
saver in the writing of ionic equations: 

1. All compounds of ammonium, potassium, and sodium are 
soluble. 

2. All nitrates, acetates, and chlorates are soluble. 

3. All chlorides are soluble except lead, silver, and mer- 
cury (ous). 

4. All sulfates are soluble except lead, barium, and stron- 
tium; those of silver and calcium are slightly soluble. 

5. All carbonates and phosphates are insoluble except those 
of ammonium, potassium, and sodium. 

6. All hydroxides are insoluble except those of ammonium, 
barium, calcium, potassium, sodium, and strontium. 

7. All sulfides are insoluble except those of ammonium, 
barium, calcium, potassium, and sodium. 

114. Values of the theory of dissociation. An under- 
standing of dissociation is not only helpful in explaining chem- 
ical reactions in solution, but is of the utmost usefulness in 
many other phases of chemistry. We shall no doubt develop 
a greater appreciation of this theory as we study some of its 
applications in succeeding problems. It may be well to point 
out some of its implications now, however. 
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(1) The theory of dissociation enables us to make a further 
distinction between metals and non-metals. A brief review of 
the equations for ionic dissociation given in this problem will 
reveal that metals form positive ions in solution, and non- 
metals form negative ions, or become part of negative ions, in 
solution. 

(2) The theory of dissociation helps to verify our under- 
standing of crystal structure. Since melted sodium chloride is 
also a conductor of the electric current and undergoes decom- 
position when so treated, it must be composed of ionic particles 
which dissociate when the solid is melted: 


2 rNa+. Cl-i , 2 Na -f CL t 

Melting overcomes the forces between the ions of the crystal 
and permits them to migrate as if they were in solution. The 
electrolysis of melted compounds finds many applications in 
chemical industry. 

(3) It is very likely that most colloidal particles acquire 
their electrical charges by the adsorption of positive or nega- 
tive ions already in the solution (Fig. 116). 

The ions adsorbed are usually H+ or 
(OH)~ ions. This fact readily explains 
most of the electrical properties of colloids. 

It also explains in part, why the particles 
of a colloidal dispersion do not settle; why 
some colloids of opposite electrical sign 
mutually precipitate each other; and why 
colloids can be caused to coagulate by the 
addition of electrolytes. 

(4) Finally, it should be emphasized that the theory and 
facts of ionization and dissociation constitute excellent evi- 
dence for the electron theory of matter and electricity. As a 
matter of historical fact, the ionic theory of Arrhenius pre- 
ceded the electron theory by several years. We have found 
it more desirable, however, to introduce these two theories 



Fig. 116. Adsorp- 
tion of ions by col- 
loid particle. 
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into our chemistry course in the' reverse order of their his“ 
torical appearance. 

Problem Summary Exercises, that Everyone Should Do' 

1. Explain briefly how molecules of such compounds as LiF/ 
NaCl, and MgGl2 are believed to be formed. 

2. Are such compounds as those mentioned in Exercise 1 classi- 
fied as polar or non-polar compounds? Why? 

3. Summarize briefly the evidence for the theory of dissociation 
as obtained from a study of the freezing points of solutions ; from a 
study of the conductivity of solutions. 

4. Distinguish between electrolytes and non-electrolytes. Name 
several examples of each. 

5. State the main assumptions in the theory of dissociation. 

6. By means of ionic equations, show how the following com-, 
pounds might be expected to dissociate in solution: 

(a) NaCl (f) H3(P04) 

(b) Pb(N03)2 (g) AgCCsHsOs) 

(c) H2(S04) (h) Cu(S04) 

(d) K(OH) (i) Ba(OH)2 

(e) (NH4)(0H) (j) ZnCl2 

7. By means of ionic equations, show how the following pairs of 
compounds would furnish four kinds of ions in solution: 

(a) NaCNOs) and KCl (c) AgCCsHsOa) and KCNOs) 

(b) CuCl2 and Mg(N03)2 (d) FeClg and A1(N03)3 

(e) Zn(N03)2 andPb(C2Hs02)2 

8. Show how each of the above pairs of compounds might ionize 
and recombine to form new combinations of ions. 

9. Tell clearly what is meant by a condition of equilibrium, and 
explain whether it is a condition of rest or motion. 

10. Explain clearly when a reaction in solution may be expected 
to result in a state of equilibrium; when it may be expected to go to 
completion. 

11. Name three methods by which reactions in solution may go 
to completion. 

12. State the general rules for solubility. 
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13 . Write ionic equations to represent the reactions between the 
following pairs of compounds. Tell whether each is an equilibrium 
or a completion reaction; if a completion reaction, tell the method. 
Be sure to consult the solubility chart (Table 41 , page 696 ) in 
forming some of your conclusions. 

(a) NaCl and Ag(C2H302) (f) HCl and K(OH) 

(b) Cu(S04) and BaClg (g) (NH 4 )C 1 and K(OH) 

(c) Na2(C03) and H2(S04) (h) Hg(N03) and NaCl 

■ (d) HCNOs) and K(OH) (i) Zn(S04) and Cu(N03)2 

(e) CaCl2andNa2(S04) (j) Pb(N03)2 and Na2(S04) 

PROBLEM 2: HOW DOES THE THEORY OF 
DISSOCIATION ACCOUNT FOR ELECTRO- 
CHEMICAL REACTIONS? 

Problem Assignment. In the preceding problem we 
formulated a theory of dissociation. If we can test this 
theory by applying it to certain facts known about the be- 
havior of substances in solution, and it adds to the explana- 
tion of these facts, its usefulness will become apparent. In • 
this problem we shall learn how the idea of ions in solu- 
tion can be used to explain the process of electrolysis, the 
operation of the storage battery, and the different chemical 
activities of the metals. 

115 . Electrolysis of solutions. In Unit One we considered 
the electrolysis of water. It will be recalled that a solution 
of sulfuric acid in water was prepared and poured into the 
electrolysis apparatus (Fig. 117 ). Then a direct current of 
electricity was passed into the solution through the electrodes. 
Two gases collected in the graduated cylinders, hydrogen ap- 
pearing at the cathode and oxygen at the anode. 

We assume that the water is very little dissociated and that 
the sulfuric acid is highly dissociated as shown by the 
equation: 

H2(S04) -> 2 H+, (SO4) — 

When the current is turned on, the hydrogen ions are attracted 
to the negative electrode where each ion gains an electron and 
forms a neutral atom: 




Fig. 117. Electrolysis o£ water. 


Fig. 119. Electrolysis of cupric 
chloride solution. Copper ions 
migrate to the cathode where they 
gain electrons. Chlorine ions mi- 
grate to the anode where they lose 
electrons. Copper is deposited on 
the cathode and chlorine gas es- 
capes at the anode. 
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H+ + 1 e H» 

Two neutral atoms unite to form a molecule, and the hydro- 
gen is evolved as a gas (Fig. 118 ): 

H“ + HO Ha t 

^ At the same time, the (SO4) ions are attracted to the posi- 
tive electrode where each gives up its two excess electrons. 
The resulting sulfate radicals cannot remain as such, however, 
and each immediately decomposes a molecule of water, uniting 
with the hydrogen to form H2(S04) and freeing the oxygen, 
which escapes around the positive electrode: 

(SO4) — — 2€-->(S04)" 

H2O + (S04)'^ H2(S04) + 0 " 

The newly formed sulfuric acid dissociates, and the same pro- 
cess continues until the last molecule of water is decomposed, 
or until the current is turned off. 

The facts observed during the electrolysis of a solution of 
cupric chloride, CUCI2, can also be explained in a similar 
manner. If we introduce two carbon electrodes into such a 
solution and connect them to a source of direct current, we 
soon observe a deposit of copper appearing on the negative 
electrode (Fig. 119 ), The cupric chloride dissociates as fol- 
lows:: 

CUCI2 Cu++, 2 Cl"” 

The Cu"^"^ ions are attracted to the negative electrode where 
each gains two electrons and forms a neutral atom. Copper is 
an inactive metal that deposits on the surface of the cathode: 

Cu++ + 2 e->CuU 

Simultaneously, the Cl“ ions migrate to the anode where each 
gives up one electron and becomes a neutral atom. Two such 
atoms unite to form a molecule, and the molecules form bubbles 
of chlorine gas at the anode: 
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Cl- — le-»CP 
Cl® -f Cl» GI 2 1 

From such experiments we may conclude: (1) that water is 
indirectly decomposed into its elements by a current of elec- 
tricity; (2) that cupric chloride is directly broken down into 
copper and chlorine during electrolysis; (3) that an electric 
current is in reality a flow of electrons; and (4) that this elec- 
tric current enters the solution at the cathode, where electrons 
are gained by positive ions, and leaves the solution at the 
anode, where electrons are given up by negative ions. We may 
think of the current as being conducted through the solution 
by the migration of ions. 

116. Fundamentals of electroplating. Electroplating is 
essentially the act of placing a thin coat of one metal upon the 
surface of another by a chemical reaction in solution, brought 
about by the passage of an electric current. The purpose of 
electroplating is to apply a protective or decorative metallic 
coating in order to make the object plated more attractive or 
more resistant to corrosion. The process is really a modifica- 
tion of electrolysis and is easily demonstrated. 

If we prepare a water solution of copper sulfate in a beaker, 
introduce a strip of copper and a carbon rod to act as the anode 
and cathode, respectively, and then apply a direct current, we 
soon observe a reddish deposit of copper on the carbon elec- 
trode (Fig. 120). The explanation becomes apparent when we 
focus our attention on the behavior of the ions in the solution. 

Copper sulfate is an electrolyte, and is dissociated as follows: 

Cu(S 04 )-^Cu++, (SO4) — 

When the current is turned on, the Cu++ ions migrate to the 
cathode where each becomes a neutral atom by gaining two 
electrons: 

Cu++ -f 2 e -> Cu® 4 , 

The copper deposits as a film on the object forming the 
cathode. 
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At the same time, sulfate ions migrate to the copper anode, 
where each gives up its two excess electrons: 

(SO 4 ) — -2 6-^(504)“ 

Since the neutral sulfate groups cannot exist alone, they pro- 
ceed to pull copper atoms 
from the copper anode by 
uniting with them to form 
copper sulfate. This com- 
pound immediately dissoci- 
ates, and adds more copper 
ions to the solution to replace 
those deposited at the cath- 
ode: 

Cu^-f (S04)«-^Cu(S04) 

Cu(S 04 ) -» Cu++, (SO 4 ) — 

Experiments have proved 
that during electroplating re- 
actions, the anode decreases in weight and the cathode increases 
in weight by the same amount. It therefore follows that the 
process would continue until all of the metal of the anode has 
been transferred to the cathode. Thus we see why it is neces- 
sary in electroplating ( 1 ) to make a bar of the plating metal 
the anode, ( 2 ) to make the object to be plated the cathode, 
( 3 ) to immerse both electrodes in a solution of a soluble salt 
of the plating metal, and (4) to use a direct current. 

This description and explanation of electroplating is intended 
to present only the fundamentals of the process, and no attempt 
is made to describe the important details that demand consider- 
ation in the operation of a commercial electroplating shop 
(Fig. 121). Among these, however, would be the choice of 
the plating metal, the problem of cleaning the object to be 
plated, the preparation of a solution of the proper concentra- 
tion and composition, and the regulation of the current to 
maintain efficient operation. 



Fig. 120. Electroplating with cop- 
per. The solution consists o£ cop- 
per sulfate. The anode is copper 
and the cathode is carbon. When 
the current is turned on, copper Is 
deposited on the cathode. 




Courtesy International Association of Electrotypers, Cleveland, Ohio 

Fig. 121. View of a commercial plating room showing the large 
tanks in which the articles to be plated are suspended. 

troforming, a wax impression is made of the original material 
as set up by the printer (Fig. 122). The surface of the wax 
impression is made a conductor by applying a thin coating of 
graphite, and from here on the process is comparable to electro- 
plating as just described. 

117. The theory of dissociation and the simple cell. 
The chemical changes discussed in explaining electroplating 
and electrolysis were reactions caused by the passage of an 
electric current from an outside source. We now wish to con- 
sider the reverse of this procedure: namely, the use of chemical 
reactions in solution to produce an electric current. 
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Electroforming is another example of electrolytic deposition. 
One of its important applications is in the reproduction of en- 
gravings and type used in the preparation of books. In elec- 




A wax mold. 


A shell o£ copper being stripped 
off a wax mold. 


Courtesy International Association of Blectrotypers, Cleveland, Ohio 

Fig. 122. Steps in making an electrotype. The finished shell o£ 
copper is known as an electrotype. 
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If we put dilute sulfuric acid into a small battery jar, intro- 
duce strips of copper and zinc to act as electrodes, and connect 

the electrodes with a wire, 
chemical action takes place 
and a current of electricity 
flows through the wire. The 
current can be detected by 
connecting the wires with a 
small electric bell, ammeter, 
or voltmeter. Thus we are 
using a chemical reaction to 
produce an electric current. 
The explanation we shall 
give is based on the theory 
of dissociation and the be- 
havior of ions in solution 
(Fig. 123). 

The usual chemical reaction between zinc and sulfuric acid 
is represented by the following ionic equation: 

Zn» -f 2 H+, (SO4)— Zn++, (SOi) — + Ha® f 

Since the sulfate ion goes through this reaction unchanged, the 
essential fact is the transfer of two electrons from the neutral 
zinc atom to the two positive hydrogen ions, thereby discharg- 
ing them: 

Zn® — > Zn++ -{- 2 e 
2H+-l-2e-»H®t 

There is no similar reaction between the copper and the sulfuric 
acid. We observe, however, that when the two electrodes are 
' connected with a wire, hydrogen also appears at the copper 
electrode. 

Action at the zinc strip is such as to give it a negative 
charge, because each atom of zinc must give up two electrons 
when it goes into solution as a positive ion. These electrons 



Fig. 123. A simple electric cell 
can be made by immersing two 
dissimilar plates in a suitable elec- 
trolyte. 
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collect on the zinc electrode. They give it a negative charge 
and the ability to repel other electrons along the connecting 
wire to the copper strip. 

The zinc ions going into solution tend to unite with sulfate 
ions; but since zinc sulfate is soluble, it remains dissociated. 
As a result, the total concentration of positive ions in the solu- 
tion is increased. This causes hydrogen ions to be repelled 
through the solution and towards the copper strip, thereby 
creating a positive “atmosphere” or charge around the copper 
strip. As we have already seen, the zinc electrode repels elec- 
trons over the connecting wire towards the copper electrode. 
Consequently, as the hydrogen ions contact the surface of the 
copper strip, each acquires an electron and becomes a neutral 
atom. These combine to form molecules and escape as hy- 
drogen gas. 

We may summarize by pointing out that chemical action 
within the cell is such as to cause electrons to be transferred 
from zinc atoms to hydrogen ions, but in doing so, the electrons 
are caused to flow through the outside wire. This flow of elec- 
trons constitutes the current of electricity. 

118 . The commercial storage battery. Like any other 
electrical cell, the storage battery has a positive electrode and 
a negative electrode. These electrodes are formed from a series 
of plates within a container. All the positive plates are fast- 
ened together to form the positive electrode, and all the nega- 
tive plates are connected together to form the negative elec- 
trode. The plates have two essential parts: the grief and the 
active material. The latter is a pasty mixture of oxides of 
lead and sulfuric acid, and it is pressed into the meshes of the 
grid where it is allowed to dry. 

After being prepared as described, the plates are dipped 
into a water solution of sulfuric acid and a direct current of 
electricity is sent through them. This treatment is known as 
forming. As a result, the positive plates become coated with 
brownish lead peroxide, PbOa, and the negative plates become 
coated with spongy lead. In this condition, the plates are said 
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to be charged, and after proper assembly they are ready for 
use (Fig. 124). 

119. Chemical action within the storage battery. 
When the electrodes of a charged storage battery are con- 
nected by a wire, electrons flow through the outside circuit. 
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Courtesy The Electi-ic Storage Battery Company 


Fig. 124. Details of an electric storage battery. 


An explanation based on the theory of ionization and dissocia- 
tion shows where these electrons come from, where they go, 
and how they get there. 

The electrolyte solution of the battery contains sulfuric 
acid, which is dissociated as shown in the equation; 

H2(S04) -^2H+, (SO4) — 


The sulfate ions in contact with the lead plate unite with lead 
atoms and form insoluble lead sulfate, which deposits on the 
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plate. Before lead atoms can unite with the sulfate ions, how- 
ever, each must become an ion by giving up two electrons to 
the plate; 

Pb® Pb++ -f 2 e 
Pb++ + (SO4)— -»Pb(S04) I 

These changes thus produce a negative charge on the lead 
plates. 

We have already learned of the readiness with which hydro- 
gen and oxygen unite. Since the lead peroxide of the other 
plates is a good oxidizing agent, some of the hydrogen ions 
that are distributed throughout the solution are oxidized to 
water and the lead peroxide is reduced to lead monoxide : 

PbOa -f 2 H+ PbO + H 2 O 

During this reaction, the valence of the lead changes from posi- 
tive four in Pb02 to positive two in PbO. The valence change 
means that each lead atom gains two electrons from the plate. 
Thus the plate will be deficient in electrons and will have a 
positive charge. 

We now have a condition that will promote the flow of elec- 
trons from the negative lead plate, which has excess electrons, 
to the positive lead peroxide plate, which is deficient in elec- 
trons. This flow of electrons over the connecting wire is from 
the negative plate to the positive plate, and accounts for the 
electric current generated by chemical action within the bat- 
tery. It is important to realize, however, that until such action 
takes place, the plates of the battery bear no electrical charges. 
The charges are produced as a result of the chemical reactions 
within, and the flow of electrons remedies the unbalanced elec- 
trical condition between the electrodes (Fig. 125). 

Another reaction at the .lead peroxide plate also occurs, dur- 
ing which lead sulfate is also formed on the positive plates: 

PbO -k H2(S04) -?• Pb(S04) i + H2O 
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As the positive and negative plates approach the same compo- 
sition, the flow of current between the plates decreases. The 
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Fig. 125. Action of the storage battery. 

battery becomes “run down” and needs to be recharged. To 
do this, a current from an outside source is sent through it in 
the opposite direction to the flow of current produced by the 
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battery itself. Since the chemical reactions on which the bat- 
tery operates are reversible, under these conditions lead sulfate 
and water are consumed, and lead, lead 
peroxide, and sulfuric acid are produced. 

120. Measuring the strength of a bat- 
tery. When a storage battery is discharging, 
sulfuric acid is used up 
and water is produced. 

Consequently, the den- 
sity of the liquid in the 
battery gradually de- 
creases. 'When a storage 
battery is being charged, 
water is used up and sul- 
furic acid is produced. 

This action increases the 
density of the electro- 
lyte solution. Thus we 
see that an instrument 
that would measure the 
density of the liquid in 
the battery would also 
indirectly tell us the ex- 
tent to which the battery 
is charged. Such an in- 
strument is called a hy- 
Fig. 126 . A bat- drometer (Fig. 126). 

tery hydrometer. _ ^ ° 

The density of 121. The activity se- 

the sulfuric acid ries of the metals. It 
in the battery, . . 

as determined by IS possible tO construct a 

indica^s"^ther^e^ simple electric cell be- 
tent*^^ which cause copper and zinc differ in their chemical 
the battery is reactions with sulfuric acid. Common experi- 
c arge . verifies the statement that all metals 

differ in their chemical activity. Experimental studies have 
furnished enough evidence to make possible an arrangement 


Activity Semes 

OF 

THE Metals .: 

1. 

Potassium 

2. 

Sodium 

3. 

Calcium 

4. 

Magnesium 

5. 

Aluminum 

6. 

Manganese 

7. 

Zinc 

8 . 

Chromium 

9. 

Iron 

10. 

Cadmium 

11. 

Cobalt 

12. 

Nickel 

13. 

Tin 

14. 

Lead 

IS. 

Hydrogen 

16. 

Copper 

17. 

Silver 

18. 

Platinum 

19. 

Gold 
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of the metals in a series in such order that the position of any 
metal in the series shows that it is more active than all of 
those below it, but less active than any of those above it. 
Hydrogen is included in the series because it forms positive 


I. 2. 3- 4- s- 


Courtesy Drs, Robert Taft and J, E. Stareck, University of Kansas 


Fig. 127. Displacement o£ metals. 1. Iron in lead nitrate. 2. Zinc 
in lead acetate. 3. Manganese in lead acetate, 4 and 5. Cadmium in 

lead acetate. 


ions like the metals. The explanation for the chemical activity 
of the metals is associated with the behavior of ions. 

If strips of zinc and copper are immersed in sulfuric acid, 
hydrogen is evolved around the zinc but no observable action 
occurs at the copper strip. As we have already explained, it is 
believed that the zinc atoms lose electrons to form ions, and 
that hydrogen ions in the solution gain these electrons and 
become neutral atoms: 
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Zn° + 2 H+, (SO4)— Zn++, (SO4) — + t 

Evidently, copper atoms hold their valence electrons more 
strongly than the zinc atoms do. 

If a strip of polished iron is introduced into a solution of 
copper sulfate for a few minutes, a deposit of copper collects 
on the iron strip. It is evident that the iron is the more active 
of these two metals, for it goes into solution and precipitates 
copper ions from solution: 

Fe" + Cu++, (SO4) — -» Fe++, (SO4)— + Cu^ 

For this reason, it is said that any metal in the activity series 
can displace jrom solution any metal below it. Some metals 
are so active they can displace hydrogen not only from acids, 
but also from water. Sodium is such a metal: 

2Na®-|-2(H+, (OH)-)->2(Na+, (OH)-) +HU 

Metals below hydrogen in the series, of course, cannot displace 
it from either water or acids. These facts indicate that the 
activity of a metal is determined by the ease with which it loses 
electrons and forms ions; and this is dependent upon its 
atomic structure. 

122. Value of the activity series of the metals. This 
tabulation of the metals helps to simplify the study of chemis- 
try, and makes it possible to predict a great many chemical 
reactions involving metals. This reduces the necessity for 
memorizing their many possible reactions. For example, since 
the metals high in the activity series are so active, we would 
hardly expect to find them occurring in the free state in na- 
ture. They react with water and oxygen too readily to per- 
mit this; and because of this reason, they are difficult to re- 
duce from their compounds and are usually extracted by 
electrolysis. Metals lower in the series, such as iron, zinc, and 
lead, can be extracted from their ores by reduction with car- 
bon. Such metals as gold, silver, copper, and platinum, all 
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of which stand low in the series, are usually found uncom- 
bined, in nature. 

Problem Summary Exercises that Everyone Should Do 

L Explain the electrolysis of water in terms of the theory of dis- 
sociation. 

2. Predict what products would be obtained during the electroly- 
sis of a solution of zinc chloride, ZnCls. 

3. Outline briefly the fundamentals of electroplating procedure. 

4. Distinguish between electroforming and electroplating. 

5. By the use of a suitable diagram and the theory of dissocia- 
tion, account for the flow of electrons when strips of copper and zinc 
are immersed in dilute sulfuric acid and are connected by a wire. 

6. Tell how storage batteries are constructed, and name several 
uses for them. 

7. Why is it possible to ^^charge’^ and “discharge’’ storage bat- 
teries many times over a long period of service? 

8. What is meant by the activity series of the metals? What 
are some of its values ? 

9. WYite an ionic equation for each of the following displacement 
reactions that would be expected to take place; write “no reaction” 
for those which probably would not take place. 

(a) K + H(OH) (f) Gu + Fe(S04) 

(b) Mg + H2(S04) (g) Au + Pb(CoH302)2 

(c) Zn + Hg(N03)2 (h) Ag + HCl 

(d) Al + HCl (i) Na + HGl 

(e) Ga + H(OH) (j) Sn + ZnGls 

10. Describe two kinds of electrochemical reactions studied in 
this problem, and name some examples of each. How are they sim- 
ilar and how do they differ? 

PROBLEM 3 : HOW DOES THE THEORY OF DISSOCIATION 
. ACCOUNT FOR THE PROPERTIES AND. BEHAVIOR'' ^ 
OF ELECTROLYTES? 

Problem Assignment, It is much more convenient to 
study the characteristics of a group of related compounds 
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than it is to study each compound separately. For this 
reasoHj compounds are often classified on the basis of prop- 
erties which are common to all of them. Thus, most in- 
organic compounds which are considered in this text may 
be placed in one of three groups, called acids, bases, and 
salts. Since the compounds of a given group have charac- 
teristics which are common to every member of that group, 
we may reasonably ask why this is so. In this problem we 
shall learn how the theory of ionization provides an ade- 
quate explanation for the similarities among the properties 
of compounds classed as acids, bases, and salts, and which 
are known collectively as electrolytes, 

123. General characteristics o£ acids. Acids are chemi- 
cal compounds whose water solutions have properties more or 
less like those of vinegar. They have a sour taste, and they 


Fig. 128 . Acids may consist of solids as well as of liquids. 


cause carbon dioxide to be evolved when they are mixed with 
sodium bicarbonate. The chemical reaction between an acid 
and a metal above hydrogen in the activity series usually re- 
sults in the liberation of hydrogen and the formation of a salt. 
Most acids also possess the chemical ability to react with mem- 
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bers of such classes of compounds as oxides, hydroxides, and 
carbonates. 

The usual test jor an acid is made with blue litmus paper. 
The coloring matter in this paper is prepared from the juice 
of a low form of plant life known as the lichen. When intro- 
duced into a solution having acid properties, blue litmus turns 
red. Other substances may be used in a similar manner to test 
for acids or bases, and they are all known as indicators. 
Phenolphthalein and methyl orange are two common indicators. 

The most distinguishing fact about all acids, however, is that 
they contain as part of their composition one or more hydro- 
gen atoms which may be replaced in whole or in part by metal- 
lic atoms or radicals. In addition to hydrogen, all acids con- 
tain one or more non-metallic atoms or radicals. 

Acids differ widely in respects other than those already men- 
tioned. They may be solids, liquids, or gases (Fig. 128). 
Some acids, such as those found in fruits, are healthful; others 
are extremely poisonous. A few have medicinal value, but 
others produce severe injuries when brought into contact with 
the skin. 

124, General characteristics o£ bases. Bases are chemi- 
cal substances which, if soluble, produce water solutions hav- 
ing properties comparable to those of household ammonia 
water. They turn red litmus blue, have a bitter taste when 
dilute, and have a “soapy” feel when concentrated. 

With one exception, bases are hydroxides of the metals. 
This means that bases contain a metal and one or more 
hydroxyl, (OH), groups in their composition. The one excep- 
tion is ammonium hydroxide, (NH4) (OH), which has the posi- 
tive radical (NH4) instead of a metal. Among the common 
laboratory bases are sodium hydroxide, Na (OH), potassium 
hydroxide, K(OH), and calcium hydroxide, Ca(OH) 2 . The 
common names of these three compounds respectively are 
caustic soda, caustic potash, and limewater. 

Bases are especially active towards acids. Experiments 
prove that when an add and a base read chemically, the metal 
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of the base and the hydrogen of the acid exchange places, as 
shown by the following equation; 

Na+, (OH)- + H+, Cl- Na+, Cl- + HOH 

Bases also react with carbon dioxide, and the products are 
water and the carbonate of the metal: 

Ca++, 2 (OH) - + CO2 CaCOs I + H2O 

This equation represents the reaction that serves as a test for 
carbon dioxide. 

In addition to these general characteristics, some bases have 
outstanding distinctive properties of their own. The very 
soluble bases, such as the hydroxides of sodium, potassium, 
and lithium, are called alkalies; they are very caustic. On the 
other hand, magnesium hydroxide is but slightly soluble and 
has very feeble basic properties. For these reasons, a water 
suspension of this compound has medicinal value. It is known 
as milk of magnesia. 

125 . General characteristics of salts. Salts are ordi- 
narily thought of as compounds formed by substituting metal- 
lic atoms or radicals for all or part of the replaceable hydro- 
gen atoms of an acid. Consequently, salts may be thought of 
as “derived from an acid,” or as “salts of a metal.” For ex- 
ample, the following compounds may all be classed as salts 
of sulfuric acid: CuCSOi), Na2(S04), and Zn(S04). On the 
other hand, Pb(S04), PbCl2, and Pb(N03)2 may all be looked 
upon as salts of lead. For these reasons, salts as a class of 
compounds include many more substances than either acids or 
bases. 

All salts are characterized by containing a metallic and a 
non-metallic constituent in their composition, but, unlike acids 
and bases, they have very few properties in common. Most 
salts are solids, but they differ widely in other respects, such 
as color, solubility, oxidizing capacity, stability, crystalline 
structure, and chemical activity. 

The chart of solubilities (p. 696 ) will readily reveal the simi- 
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larities and differences among salts with respect to their ability 
to dissolve. Because of this property, salts occur in nature in 
a variety of conditions. The waters of seas, oceans, and lakes 
contain a great variety and an enormous amount of soluble 
mineral salts. Such salts have been dissolved out of the rocks 
and soil by water on its journey to the sea. Insoluble salts 
also occur throughout the crust of the earth, generally in the 
form which we call rock. Certain varieties of calcium car- 
bonate, for example, constitute whole mountain ranges. Scat- 
tered deposits of soluble salts are also found in the earth’s 
crust, but always under conditions which protect them from 
the solvent action of water. 

Some salts are excellent oxidizing agents; others combine 
with oxygen and are therefore reducing agents. In general, 
chlorates, nitrates, permanganates, and dichromates supply 
oxygen to chemical reactions when they are heated or are 
mixed with reducing agents in solution. Salts that give up all 
or part of their oxygen, or which decompose when heated, are 
unstable as compared to salts which do not behave in this 
manner and which are termed stable compounds. 

From the foregoing discussion, it is obvious that the term 
“salt” has a much wider meaning to the chemist than to the 
average person. People not familiar with the chemical mean- 
ing of the term usually refer to salts only as saline laxatives. 
Some of the common ones thus referred to are: Rochelle salt, 
or sodium potassium tartrate, NaKC4H406; Glauber’s salt, or 
sodium sulfate, Na 2 S 04 ' 10 H 2 O; said Epsom salt, or mag- 
nesium sulfate, MgS 04 * 7 HgO. 

126. Electrolytes from the standpoint of ionization. 
Thus far, no concise definition for an acid, base, or salt has 
been given, because we wish to define them in terms of ions. 
All electrolytes have in common the ability to dissociate in 
water solution, and we must take this fact into account when 
we define acids, bases, and salts. 

(1) Acids and ionization. The following equations repre- 
sent the ionic dissociation of some typical acids: 



CHEMICAL ACTION IN SOLUTION 


217 


HCl4:±H+,Cl- 
H2(S04) ?± 2 H+, (SO4) — 

H(NOa)?=iH+ (NO3)- 
HCCaHsOa) 4:±H+, (C2H3O2)- 

These equations show that the hydrogen ion is common to solu- 
tions of all acids, and that no other positive ions are present. 
These facts permit us to say that an acid is a compound whose 
water solution contains only one kind of positive ion: namely, 
the hydrogen ion. The sour taste of acids, their effect on litmus 
paper, and their other common properties must be due to the 
H+ ion, and their differences must be attributed to the nature 
of their negative ions. 

(2) Bases and ionization. The following equations repre- 
sent the ionic dissociation of some typical bases: 

Na(OH)?±Na+,(OH)- 
K(OH)?:±K+,(OH)- 
Ca(OH) 2 ?:iCa++, 2 (OH)- 
(NH 4 ) (OH) ^ (NH 4 )+, (OH)- 

These equations show that the hydroxyl ion is common to solu- 
tions of all bases, and that no other negative ions are present. 
Hence, a Saxe a compound whose water solution contains 
only one kind of negative ion: namely, the hydroxyl ion. 
Therefore, the properties common to all bases may be at- 
tributed to (OH) ~ ions, and the differences among bases must 
be due largely to the nature of their positive, or metallic, ions. 

(3) Salts and ionization. Salts have no common ion, as 
shown by the following equations for the ionic dissociation of 
typical salts: 

Cu(N 03)2 Cu++, 2 .(N 03 )- 

NaCl?=iNa+,Cl- 
FeCls Fe+++, 3 Cl- 
(NH4)2(S04) ?±2(NH4)+, (SO4) — 
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A study of these equations will reveal, however, that a salt 
is a compound composed of the positive ions of a base and the 
negative ions of an acid. 

127. Strength of acids and bases. Our experience with 
various acids and bases has taught us that these compounds 
differ in their chemical activities. Some acids react slowly 
with metals, while others of equal concentration liberate hydro- 
gen rapidly. The relative speed at which acids decompose 
sugar is also a measure of their strength. When some bases 
were designated as alkalies, differences in their strength were 
implied. By “differences in strength,” we refer to the proper- 
ties which characterize acids and bases. Those compounds 
in which such properties are most marked are considered to 
be the strongest. 

Since acids are characterized by hydrogen ions and bases 
are characterized by hydroxyl ions, the strength of acids and 
bases must in some way be associated with ionization and dis- 
sociation. The strongest acids are those which dissociate to 
the greatest extent; consequently, they give many hydrogen 
ions in solution and the acid properties of their solutions are 
very pronounced. Similar reasoning applies to bases. The 
strongest bases are those which are highly dissociated; their 
basic properties are therefore quite marked because of the 
large numbers of hydroxyl ions which their solutions contain. 

As we have learned, the electrical conductivity of solutions 
varies according to the number of ions present to carry the 
current. This fact provides the most reliable method of com- 
paring the strength of different acids and bases: namely, by 
measuring the relative conductivities of their water solutions 
under identical conditions. Above all, we should not try to 
infer the strength of an acid or base from its formula. The 
acid properties of phosphoric acid, H3(P04), are not nearly so 
pronounced as are those of hydrochloric acid, HCl, although 
the former contains three times as many hydrogen ions in its 
composition. Likewise, potassium hydroxide, K(OH), is a 
stronger base than calcium hydroxide, Ca(OH)2, despite the 
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formula differences. HCI and K(OH) dissociate to a much 
greater extent than H 3 (P 04 ) and Ca(OH) 2 . 

128. Reactions between acids and bases. The fact that 
acids turn blue litmus red, while bases turn red litmus blue, 
suggests that they are “opposites.” If so, it might be possible 
to mix an acid and a base in such proportions that they would 
balance or offset each other and therefore have no effect upon 
litmus at all. When an acid and a base react, the reaction goes 
to completion, because the hydrogen and hydroxyl ions unite 
to form water molecules : 

Na+, (OH) - + H+, Gl- Na+, Cl- + HOH 

The union of the hydrogen and hydroxyl ions to form water 
molecules thus removes them from the solution, but the posi- 
tive ions of the base and the negative ions of the acid remain. 
These ions, of course, could build up crystals of a salt, and 
they do so when the solution is evaporated; 

Na+ -fCl--»NaCl 

This kind of chemical reaction is known as neutralization, 
which is defined as the process by which an acid and a base 
react to form a salt and water. The general word equation 
for neutralization is: 

An Acid -f A Base A Salt + Water 

All neutralization reactions liberate energy in the form of 
heat. The quantity of heat evolved is constant for a given 
quantity of water, and amounts to about 13,700 calories for 
each gram molecular weight of water produced during the re- 
action. This is known as the heat of neutralization. 

129. Balancing equations for neutralization reactions. 
Complete neutralization requires equal numbers of hydrogen 
and hydroxyl ions. It is obvious that all acids and bases will 
not react in the ratio indicated by their simplest formulas, be- 
cause they do not furnish equal numbers of these two kinds 
of ions per formula weight. Hydrochloric acid can react 
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with sodium hydroxide in the ratio of one gram formula 
weight of acid to one of base because they produce equal num- 
bers of H+ and (OH) ~ ions in solution: 

H+, Cl- -1- Na+, (OH) - ^ Na+, Cl- 4- HOH 

We can see by inspection of the equation, however, that the 
reaction between sulfuric acid and sodium hydroxide would re- 
quire two gram formula weights of the base to one of the acid 
in order to supply equal numbers of the ions involved in neu- 
tralization: 

2 H+, (SO4) — -f 2(Na+, (OH)-) 2 Na+, (SO4) — -f 2 HOH 

Other reactions between acids and bases which produce un- 
equal numbers of hydrogen and hydroxyl ions per gram for- 
mula weight may be expressed in the form of balanced ionic 
equations as follows: 

2H(N03) +Ba(OH)2-^2(H+, (NO3)-) + Ba++, 2(OH)- 

Ba++,2(N03)--i-2H0H 

H3(P04) + 3 Na(OH) 3 H+, (PO4)— + 3(Na+, (OH)-) 

3Na+,(P04) -f3HOH 

3 HCl -f Fe(OH)3 -» 3(H+, C1-) -f Fe+++, 3 (OH)- 

Fe+++, 3 Cl - -4 3 HOH 

From the preceding equations, it is apparent that when an 
ionic equation for neutralization is balanced as to the number 
of hydrogen and hydroxyl ions, the remaining ions which as- 
sociate to form a salt also balance as to valence. 

130. Hydrolysis reactions. Hydrolysis is a reaction in 
which water reacts with a substance, other than by simple addi- 
tion. In one t3q3e of hydrolysis, a salt and water react; usually 
one of the products is an acid or a base. This means that when 
some salts are dissolved in water, the resulting solutions are not 
neutral to litmus as might be expected, but may have acidic or 
basic properties. A water solution of ordinary washing soda. 
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NaaCOs'lO H 2 O, presents an example of hydrolysis which re- 
sults in basic properties; a solution of borax also has basic 
properties. On the other hand, water solutions of copper sul- 
fate and ferric chloride are acid to litmus. Some salts do not 
hydrolyze, however, and their water solutions are neutral to 
litmus. Sodium chloride and potassium nitrate form neutral 
solutions. 

Hydrolysis is usually explained in terms of ionic behavior, 
and seems to depend upon the slight dissociation of water. 
When sodium carbonate is dissolved in water, four kinds of 
ions are present: Na+, (C 03 ) — , H+, and (OH)~. There 
are four possible combinations of these ions. As long as a solu- 
tion contains equal numbers of hydrogen and hydroxyl ions, 
it will be neutral to litmus; but an excess of hydrogen ions will 
turn litmus paper red, while an excess of hydroxyl ions will 
turn it blue. In a sodium carbonate solution, some of the H+ 
ions unite with (COg) ions to form the very weak, or 
slightly dissociated, carbonic acid, Hg ( CO 3 ) . This action re- 
moves hydrogen ions from solution. The (OH) ~ ions remain 
in solution, however, because the Na(OH), which they might 
form with the Na+ ions, is a strong, or highly dissociated base. 
The solution has basic properties because the net result of the 
chemical reaction leaves an excess of (OH) “ ions in solution: 

2 Na+, (CO3) — 2(H+, (OH)-) 2 (Na+((OH) - ) + HaXCOa) 

We may conclude that sodium carbonate is the salt of a strong 
base and a weak acid. In solution, such a salt has alkaline 
properties. 

Similar reasoning accounts for the acid properties of a solu- 
tion of copper sulfate: 

Cu++, (SO4)— •+ 2(H+, (OH)-) -»2 H+, (SO4) — 4- Cu(OH )2 

The acid formed by hydrolysis is the strong sulfuric acid, while 
the base is the weak copper hydroxide. This salt therefore 
reacts with water to produce an excess of H+ ions in solution. 
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It is the salt of a strong acid and a weak base, and its water 
solution has acid properties. 

As might be expected from the preceding discussion, the salt 
of a strong acid and a strong base would not hydrolyze. Its 
water solution would be neutral, because strong acids and 
strong bases are highly ionized, and neither H+ nor (OH)““ 
ions would be removed from solution: 

Na+,Ci- + H+, (OH)~->Na+, (OH)- +H+,Ci- 
K+ (NOs)” + H+, (OH)- -~>K+, (OH)- + H+, (NO3)- 


Problem Summary Exercises that Everyone Should Do 

1 . Make a list of the general characteristics of acids, bases, and 
salts, and point out some important differences among them. 

2. What factors help determine the uses of acids, bases, and 
salts? 

3. Explain or define in terms of ions and dissociation: (a) acid; 

(b) base; (c) salt; (d) neutralization. 

4. Distinguish between: (a) concentrated and dilute acids; (b) 
strong and weak acids; (c) highly dissociated and slightly disso- 
ciated bases. 

5. Write and balance ionic equations for the expected reactions 
between the following pairs of acids and bases: 

(a) Na(OH)+HCl (f) Al(OH )3 + H(N 03 ) 

(b) K(OH) +H2(S04) (g) E(0H) +H(C2H302) 

(c) Ca(OH )2 + H(N 03 ) (h) K(OH) -f HsS 

(d) (NH 4 ) (OH) + H 3 (P 04 ) (i) Na(OH) + HBr 

(e) Fe(OH )3 + Ha (j) Mg(OH )2 + HCl 

6 . Give a word equation for hydrolysis, and tell how this process 
accounts for the basic properties of a washing-soda solution. 

7. Define or identify: indicators; alkalies. 

8 . From the following formulas, (1) devise the formulas for the 
acid and base from which each salt is derived ; ( 2 ) tell whether each 
salt should be expected to hydrolyze; and (3) tell whet^ those 
expected to hydrolyze would form acidic or basic solutions in water: 
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(a) FeCIs 

(b) Zn(S04) 

(c) KCl 

(d) NaCCsHsOa) 

(e) Mg(N03)2 


(f) Na2(B407) 

(g) K2(C03) 

(h) Ca(N03)2 

(i) ZnCla 

(j) BaCl2 


PROBLEM 4: HOW ARE ACIDS, BASES, AND SALTS 

PREPARED, AND HOW ARE THEY NAMED AND 
CLASSIFIED? 

Problem Assignment. We have learned the advan- 
tages of stud3dng the characteristics of groups of com- 
pounds, rather than making a study of each compound 
separately. It saves time and is effective from the stand- 
point of learning to generalize whenever possible. There 
are thousands of useful acids, bases, and salts, and to try 
to learn the method of preparing each one would be almost 
a hopeless assignment. Fortunately, there are a relatively 
few general methods that are employed in manufacturing 
such compounds, and we are to consider them in this prob- 
lem. Another important phase of the problem concerns the 
system of nomenclature used by the chemist. Learning 
how to name and classify acids, bases, and salts helps to 
simplify the study of such large groups of compounds by 
further classifying each group. 

, 131. The preparation of acids. The preparation of the 
most important acids will be considered at length in succeed- 
ing units. For the present, we simply wish to explain the 
three procedures generally employed. 

(1) Dissolving compounds in water. A few acids can be 
prepared simply by dissolving certain compounds of hydrogen 
in water. Hydrochloric acid, for example, is a water solution 
of hydrogen chloride gas. All acids which are solids or liquids 
— and this includes all organic acids — develop their acid prop- 
erties only when they are in the presence of moisture. 

(2) Action oj an acid on a salt. If a salt of the desired 
acid is heated with another acid of a higher boiling point, the 
desired acid will usually be evolved as a gas: 
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2H+, (SO4) — + 2(Na+,CI-) 

2Na+, (SO4)— -f 2HClt 

2 H+, (S 04 )~ -f 2(Na+, (NO3)-) 

2Na+,(S04) — -f-2H(N08)t 

2 H+, (SO4)— + 2(Na+, (C2H3O2) -) 

2Na+, (SO4) — + 2 HCCaHsOa) t 

2(H+, C1-) -f Fe++,S — Fe++, 2 Cl- -f H 2 S t 

In some cases, the vapors escaping from the mixture being 
heated constitute the acid and need only be condensed. This 
is true of nitric acid, H(N 03 ), and acetic acid, H(G 2 Hs 02 ). 
In other instances, the escaping gas must be dissolved in water 
in order to prepare the acid. Hydrogen chloride, HCl, and 
hydrogen sulfide, H 2 S, are examples. 

(3) Union of a non-metallic oxide with water. Some acids 
may be looked upon as compounds formed by the chemical 
union of non-metallic oxides with water. The following equa- 
tions illustrate how such acids may be formed: 

Water -1- Non-Metallic Oxide Acid 

H2O -f SO3 H2(S04) 

H2O -f CO2 -> H2(C03) 

H2O -+• N2O5 -» 2 H(N03) 

In actual industrial practice, many acids are manufactured by 
first preparing the proper non-metallic oxide, and then combin- 
ing it with water. Oxides which will react with water in this 
manner to form adds are termed acidic anhydrides. 

132. The preparation of bases. Some metallic oxides also 
will combine directly with water, and the compounds formed 
are bases. Such oxides are called basic anhydrides. Many 
bases of commerdal importance are prepared in the manner in- 
dicated by the following equations: 


Metallic Oxide + 

Water 


Base 

CaO 

+ 

H 2 O 


Ca(0H)2 

MgO 

4- 

HaO 


Mg(OH)2 

NaaO 

+ 

2 H 2 O 


2 Na(OH) 
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Bases are also formed when metals high in the activity series 
react with water: 

Metal Water Base -j- Hydrogen 

2K“ + 2(H+, (OH)-) 2(K+, (OH)-) + H“t 

Ca« + 2(H+, (OH)-) Ca++,2(OH)- + H“t 

133. Preparation of salts. The various methods of pre- 
paring salts are numerous and interesting. In every instance, 
the chemical reaction takes place under favorable conditions 
and between substances having complementary properties. By 
this is meant that (1) one of the substances must be a metal 
and the other a non-metal; or (2) one must be an acid and the 
other a base; or (3) one must furnish the positive ions and the 
other the negative ions of the desired salt; and so on. As a 
matter of fact, these general principles regarding the comple- 
mentary nature of the properties of substances are funda- 
mental, not only to the preparation of salts, but to all chemical 
action. They will account for the possibilities of preparing 
salts by the following methods. 

(1) By direct union of the elements: 

Metal Non-Metal -» Salt 
Cu -)- CI2 ~~r CuCl2 
Zn -f S -» ZnS 

(2) By the reaction between a metal and an add: 

Metal -f- Acid — » Salt -{- Hydrogen 

Zn® -f 2 H+, (SO4) — -» Zn++, (SO4) — -j- H“ t 
Mg“ -f 2(H+,C1-) Mg++,2C1- -f H»t 

(3) By the reaction between an acid and a metallic oxide: 

M^allic Oxide 4- Acid— > Salt 

MgO + 2 H+, (SO4) — -»Mg++, (SO4) — + H2O 

CaO + 2 (H+, (NOa).-) Ca++,.2(N03)- + H3O 
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(4) By the reaction between an acid and a base (neutrali- 
zation): 

Base 4- Acid Salt -h Water 

K+, (OH)- + H+,C1- IC+jCl- -f HOH 

Ca"l'+, 2(OH)— -f- 2(H+ (NO»)— ) — » Ca++, 2 (N 03 )— -f- 2 HOH 

(5) By the reaction between an acid and a salt; this is also 
a method of preparing some acids: 

Acid Salt — » Salt 4" Acid 

2H+,(SOO— + 2(K+C1-) 2K+,(S04) + 2(H+,C1-) 

2(H+,C1-) 4- Pb++, 2 (N 03 )- PbCbl. -}- 2(H+, (NO 3 )-) 

(6) By the reaction between two salts: 

Sbluble Salt 4' Soluble Salt — > Soluble Salt -f- Insoluble Salt 
Na+,Cl- 4- Ag+,(N 03 )- Na+, (NO 3 ) - -f AgCU 
Cu++, (SO 4 )— 4- Ba++,2C1- .CU++2C1- 4- Ba(S 04 )| 

(7) B 3 '- the reaction between an acid and the salt of a less 
stable acid, such as carbonates and sulfites; 

Non- 

Acid -F Salt — » Salt -j- Water -j- Metallic 

Oxide 

2 H+,(S 04 ) — 42 Na+,(C 03 ) — -^ 2 Na+,(S 04 ) — + H 2 O -f COat 
2(H+,C1-) 4 2Na+, (SO 3 )— 2(Na+,Cl-) 4 H 2 O -f- SOat 

(8) By the reaction between a metallic oxide and a non- 
metallic oxide : 

Metallic Oxide -j- Non-Metallic Oxide Salt 
CaO 4- CO 2 -» CaCOs 

CaO 4- SiOa CaSiOs 

(9) By the reaction between a base and a non-metallic 
oxide : 
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Non-Metal- 

Base -f- lie Oxide Salt Water 

Ca++, 2 (OH)- -f SO2 Ca(S03) 4, -f H2O 

Ba++, 2 (OH)- -f- CO2 ^Ba(C03)4,-h H2O 

Most of these methods of preparing salts involve chemical 
reactions in solution. The exceptions are methods ( 1 ) and 
(8), which often require high temperatures. When salts are 
prepared by reactions in solution, soluble salts can be obtained 
by filtering off the impurities and evaporating the filtrate to 
dryness, or to the point where crystallization will proceed. 
Insoluble salts are recovered simply by filtration. 

134 . Classifying and naming acids, bases, and salts. 
( 1 ) Types of acids. An inspection of the simplest formulas 
of acids shows that they differ in their capacity to neutralize 
bases. 

HCl is termed a monobasic acid because one gram formula 
weight will exactly neutralize one gram formula weight of 
NaOH. £[2(804) is a dibasic acid because one gram formula 
weight will exactly neutralize two gram formula weights of 
NaOH. H3(P04) is a tribasic acid. By similar reasoning, 
sodium hydroxide, Na(OH), is called a monoacidic base. 
Ca(OH)2 is a diacidic base, and Bi(OH)3 is a triacidic base. 

(2) Normal and acid salts. We have learned that when the 
hydrogen ions of acids are replaced by metallic ions, salts are 
formed. When all of the hydrogen ions of dibasic or tribasic 
acids are so replaced, normal salts are formed. Examples of 
normal salts are Na2(S04), Ca(N03)2, KCl, and Zn3(P04)2. 
If only part oi the hydrogen ions are replaced, then the result- 
ing salts will still contain replaceable hydrogen as part of their 
composition, and they are called acid salts. Sodium acid car- 
bonate, NaHC03; potassium acid sulfate, KHSO4; and cal- 
cium acid phosphate, CaHP04, are examples. The first two of 
these compounds may also be called sodium bicarbonate and 
potassium bisulfate. The following equations show how nor- 
mal and acid salts may be formed: 
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Normal Salts 

2 H+, (SO4) — + 2(Na+, (OH)-) -^2 Na+, (SO4)— + 2 HOH 

2 H+, (SO4)— + 2(K+, (OH)-) 2 K+, (SO4) — -f 2 HOH 

Acid Salts 

2 H+, (SO4) — + Na+ Cl- ^ Na+ H+ (SO4) - - + HCl 

3 H+, (PO4) -f (NH 4 )+, (0H)--> (NH4)+,2 H+, (PO4) -f HOH 

2 H+,S— -f Na+,(OH)--i.Na+,H+,S — -f HOH 

You are cautioned against thinking of an acid salt as one hav- 
ing acid properties when in solution. This may or may not 
be true. The properties of an acid salt in solution depend 
upon what the products of hydrolysis are. When NaH(S04) is 
put into solution, hydrolysis results in an excess of H+ ions and 
the solution is acidic: 

Na+,H+, (SO4)— -f H+, (OH) - -»Na+,.(OH)- -f 2 H+, (SO4) — 

The hydrolysis of NaHS, however, produces a strong base and 
a weak acid, and the resulting solution is basic: 

Na+, H+, S- - -f- H+, (OH) - Na+, (OH) - -f HaS 

By similar reasoning to that just given, basic salts may be 
thought of as those formed when not all of the (OH) groups 
of bases are replaced by non-metallic ions. Some examples 
of basic salts are basic lead nitrate, Pb(OH) (NO3), and basic 
bismuth nitrate, Bi(0H)2(N03). The following equations 
illustrate their formation: 

Pb(N03)2 + Na(0H) Pb(OH) (NO3) -f Na(NOs) 
Bi(N03)3 -f 2HOH -^Bi(0H)2(N08) -1-2 H(N03) 

( 3 ) The naming of bases. All bases are called hydroxides, 
and each is distinguished by naming it for the metal it con- 
tains. Thus, Na(OH) is called sodium hydroxide, Ba(OH)2 
is called barium hydroxide, znd (NH4) (OH) is called am- 
monium hydroxide. 
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(4) The naming of acids. Acids may be further classified 
into two groups, binary and ternary, depending upon whether 
they are composed of two or three elements. Table 14 illus^ 
trates these two kinds of acids, and clearly shows that a ter- 
nary acid contains oxygen, while a binary acid does not. 

TABLE 14 


Comparison of Acids 


Binary Acids 

Ternary Acids 

Formula 

Name 

Formula 

Name 

HCl 

Hydro -chlor-ic 

HtClOg) 

Ch!or-ic 

HF 

Hydro-fluor-ic 

H(N 03 ) 

Nitr-ic 

HBr 

Hydro-brom-ic 

H3(P0,) 

Phospbor-ic 

H,S 

Hydro-sulfur-ic 

H^CSO,) 

Sulfur-ic 


It is upon this basis that acids are named. An inspection of 
the names of binary acids shows that all have the prefix hydro, 
have the stem of the name of the non-metal, and have an ic 
ending. If there is more than one ternary acid of the same 
elements, the starting point for naming such acids is the most 
common one of the series. There is no way of determining 
this acid by an inspection of formulas, and it must either be 
memorized or learned by experience. The names and formulas 
of the common ternary acids listed in Table 14 show that their 
names have no prefix, have the stem of the name of the non- 
metal, and have an ic ending. 

The other acids in a series are named on the basis of the 
amoimt of oxygen they contain. Thus, H(CI02) has one 
less atom of oxygen than H(C 103 ) and is called chlorosw 
acid. H(CIO) has one less atom of oxygen than B[(C102) and 
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is given the prefix hypo; it is called hypodiAorom, acid. 
H(C 104 ) has one more atom of oxygen than H(C 103 ) and 
takes the prefix per; it is called perchloric acid. 

(5) The naming of salts. Ternary salts are named on the 
basis of the acid from which they have been derived. A salt 
from a ternary acid ending in ic has a name ending in ate. 
Thus the name of the sodium salt of chloric acid would be 
sodium chlorate. The salt of a ternary acid whose name ends 
in ous takes a name ending in ite. The sodium salt of chlorous 
acid is called sodium chlorite. If a prefix is included in the 
name of the acid, the same prefix is added to the name of the 
corresponding salt. Table 15 summarizes the rules for naming 
ternary acids and their salts. 


TABLE IS 

Ternary Acids and Their Salts 


Name of Acid 

Formula of 

Name OP Salt 

Acid + Base Water + Salt 

Hypochlorous 

H(CIO) 4-Na(OH) -»H0H + Na(C10) 

Sodium hypo- 
chlorite 

Chlorous 

HCClOp +Na(OH) -^HOH + NaCClOg) 

Sodium chlorite 

Chloric 

HCClOg) +Na(OH) -^HOH + NaCClOg) 

Sodium chlo- 
rate 

Perchloric 

H(CIO^) +Na(OH) HOH + Na(C10^) 

Sodium per- 
chlorate 


Binary salts, and all other binary compounds with the ex- 
ception of acids, have names ending in ide. The potassiuin 
salt of hydrochloric acid, KCl, is potassium chloride. All salts 
of hydrosulfuric acid are called sulfides. Since ZnCL is a 
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binary compound, its name is zinc chloride. Similarly, MgO 
is magnesium oxide ^ and PbS is lead sulfide. 

There are frequent instances of two or more binary com- 
pounds which consist of the same elements. In such cases, it 
is necessary to distinguish the compounds from each other by 
the use of a suitable prefix or ending with the name. Some 
prefixes so used are mono^ di, tri, tetra, and per^ and some 
commonly used endings are ic and ous. The following tabula- 
tion illustrates their application to binary compounds: 


Uses of mono-, di-, and tri- Uses of -ous and -ic 


Carbon monoxide 

CO 

Stannous oxide 

SnO 

Carbon dioxide 

C02 

Stannic oxide 

Sn02 

Manganese monoxide 

MnO 

Ferrous chloride 

FeCl2 

Manganese dioxide 

Mn02 

Ferric chloride 

FeCls 

Sulfur dioxide 

SO2 

Mercurous sulfide 

Hg2S 

Sulfur trioxide 

SO3 

Mercuric sulfide 

HgS 


Use of per- 

Hydrogen oxide H2O 

Hydrogen peroxide H2O2 

Lead monoxide PbO 

Lead peroxide Pb02 


Problem Summary Exercises that Everyone Should Do 

1. Name and illustrate three ways of preparing acids. 

2. Name and illustrate two methods of preparing bases. 

3. Distinguish clearly between acidic anhydrides and basic anhy- 
drides; name two examples of each and tell what acids and bases 
they form when added to water. 

4. Describe at least five ways by which you might prepare the 
compound magnesium chloride. 

5. Give the general word equation for the reaction between: (a) 
an acid and a metal; (b) an acid and an oxide; (c) an acid and a 
base; (d) an acid and a carbonate. 
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6. Classify the following compounds in as many ways as you 
can, for example, Fe(OH)3 is a triacidic base; H2(S04) is a dibasic, 
ternary acid; and NaH(C03) is an acid salt: 

(a) FeCls (f) Ba(OH)2 

(b) H(N03) (g) Cu(S04) 

(c) Sb(OH)2Cl (h) Na2H(P04) 

(d) H2S (i) (NH4)3(P04) 

(e) KH2(P04) (j) NaCl 

7. What is the rule for naming bases? For naming binary 
acids? 

8. How is the most common ternary acid of a series named? 
How are the other acids in the series named? 

9. What are the rules for naming salts of the various acids? 

10. Name the following compounds from their formulas: 

(a) H2(S04) (e) H(N03) (i) H2S 

(b) H2(S03) (f) Mg(N03)2 (j) HBr 

(c) Ca(S04) (g) H(N02) (k) NasS 

(d) NasCSOa) (h) Na(N02) (1) Agl 

11. Name the following compounds using the proper prefixes and 
endings: 

(a) CuO (d) Fe(N03)3 (g) HgCl 

(b) CU2O (e) PbO (h) HgCl2 

(c) Fe(N03)2 (f) Pb02 (i) Hg(N03)2 

12. Derive the simplest formula for each of the following com- 
pounds: 

(a) Sodium bromide (f ) Calcium nitrite 

(b) Potassium hydroxide (g) Barium carbonate 

(c) Ammonium chloride (h) Potassium sulfite 

(d) Cupric chloride (i) Mercurous nitrate 

(e) Ferrous sulfate (j) Silver bromide 


III. OPTIONAL MATERIAL FOR THE UNIT 

ADDITIONAL PROBLEM SUMMARY EXERCISES 

1. Explain clearly how the theory of dissociation and the elec- 
tron theory of matter and electricity mutually support each other. 
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2. Define or explain the following in terms of ions and dissocia- 
tion: (a) metal; (b) non-metal; (c) acid; (d) base; (e) salt; (f) 
neutralization; (g) hydrolysis; (h) normal salt; (i) acid salt; (j) 
basic salt; (k) strong acid; (1) weak base. 

3. Write and balance ionic equations for the reactions between 
the following pairs of compounds: (Refer to the table of solubilities 
on page 696.) 

(a) BaCl 2 andNa 2 (S 04 ) (g) Sulfuric acid and strontium 

(b) Pb(N 03)2 and CaCl 2 nitrate 

(c) Al 2 (S 04 ) 3 andPb(C 2 H 302)2 (h) Ammonium hydroxide and 

(d) H 3 (P 04 ) and Ca(OH )2 ferric chloride 

(e) H(N 03 ) and Ca(OH )2 (i) Zinc chloride and silver ni- 

(f) Mercurous nitrate and fer- trate 

nc chloride (j) Aluminum hydroxide and 

sulfuric acid 

4.. Tabulate the experimental evidence which seems to justify 
the theory of dissociation. 

5. Predict what products would be formed by the electrolysis of 
a solution of (a) sodium chloride; (b) sodium sulfate. 

6. Give an explanation to account for the flow of electrons when 
the two electrodes of a charged storage battery are connected by a 
wire. 

7. Explain clearly how and w'hy the property of density may be 
used to measure the strength of a storage battery. Name some other 
applications of the same principle. 

8. In preparing hydrogen by the reaction between zinc and sul- 
furic acid, copper sulfate is usually added as a catalyzer. If you 
wished to prepare pure zinc sulfate from the resulting solution, how 
would you suggest removing the excess copper sulfate? 

9. Explain what happens to the metal when (a) copper sulfate is 
dissolved in water ; (b) an electric current is passed into such a solu- 
tion; (c) a strip of zinc is introduced into such a solution. 

10. What correlation would you expect between the position of 
a metal in the activity series and its occurrence in nature? 

n. What chemical reasons can you suggest for the preference 
accorded copper over iron for use in window screens and spouting? 
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12. Knowing the general nature of acids and bases, what anti- 
dotes would you suggest in case such compounds were accidentally 
swallowed? 

EXERCISES IN CHEMICAL ARITHMETIC 

1. Calculate the expected freezing point of a solution prepared 
by adding one gram molecular weight of alcohol to 500 cc. of water. 

2. Calculate the expected freezing point of a solution of one 
gram formula weight of sodium hydroxide in one liter of water, as- 
suming the solute to be 100% dissociated. 

3. If sodium hydroxide is apparently 72% dissociated, what 
would be the freezing point of the above solution? 

4. What would be the expected freezing point of a solution con- 
taining 100 g. of potassium sulfate and 1000 g. of water if the salt is 
apparently 60% dissociated? 

5. Calculate the apparent percent of dissociation of ammonium 
chloride if S.6 g. of the salt dissolved in 85 g. of water produces a 
solution freezing at — 3.16° C. 

TOPICS FOR INVESTIGATION AND REPORTS 

1. Michael Faraday and His Work on the Electrolysis of Solu- 
tions 

2. Arrhenius and His Theory of Ionization 

3. Modern Ideas Regarding the Dissociation of Electrolytes 

4. Industrial Applications of Electrochemistry 

5. Natural Occurrence of Acids, Bases, and Salts 

6. Industrial Applications of Acids, Bases, and Salts 

7. Applications of Standard Solutions in Chemical Analysis 

IV. UNIT RECITATION AND TEST 

:;;-TGPICS'T WRITTEN' RECITATION,;' 

1. Evidence for the Existence of Ions in Solution 

2. The Assumptions of the Theory of Dissociation 
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3. Ionic Equilibria in Solutions 

4. Methods by Which Ionic Reactions go to Completion 

5. Expressing Ionic Reactions by Means of Ionic Equations 

6. Electrolysis, Dissociation, and Electrons 

7. Electroplating, Dissociation, and Electrons 

8. Dissociation, Chemical Action, and Electrons in Electric Cells 

9. Ions and the Activity Series of the Metals 

10. General Characteristics of Acids, Bases, and Salts 

11. Acids, Bases, and Salts and the Theory of Dissociation 

12. Neutralization and Hydrolysis 

13. Expressing Neutralization Reactions by Means of Balanced 
Ionic Equations 

14. General Methods of Preparing Acids, Bases, and Salts 

15. How Acids, Bases, and Salts are Named 

16. How Acids, Bases, and Salts are Classified 




*7 -r 




Top and bottom right, Ewing Galloway 

All chemical reactions take place according to the Law of Definite 
Proportions^ whether they occur in the kitchen, the laboratory, or 

in nature. 


UNIT FIVE 


CHEMICAL EQUATIONS AND 
CALCULATIONS 


I. THE UNIT ASSIGNMENT 

Defining the unit. Symbols and formulas make it un- 
necessary to write out in full the names of elements and com- 
pounds. The convenience of using such abbreviations has by 
now become apparent. There is another device which the 
chemist has at his command, which enables him to express in 
convenient and concise fashion what would otherwise require 
more space, time, and effort. This device is known as an 
equation. 

Various kinds of equations have already been used in pre- 
ceding units, and you undoubtedly have recognized that equa- 
tions are abbreviated statements which tell us what takes place 
during chemical changes. To the beginner in chemistry, how- 
ever, all of the facts that an equation represents can become 
evident only after careful study. This unit will present the 
subject matter that will enable us to read equations and derive 
their various meanings. 

This, however, will not be sufficient, for it is also essential 
that we know how to write equations. Accordingly, rules and 
practical illustrations will be given that will help us to write 
equations accurately. 

Finally, equations are fundamental to the determination of 
quantity relationships in chemical changes. It is often very 

237 
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necessary to know just how much of a given substance we need 
for a reaction, or what weight of the product we may expect to 
obtain. The manner in which we use equations for determin- 
ing these relationships will become apparent as we proceed 
with our study of the unit. 


UNIT PROBLEMS TO BE SOLVED 

PROBLEM 1: WHAT DO CHEMICAL EQUATIONS MEAN? 

PROBLEM 2: HOW ARE MOLECULAR EQUATIONS WRIT- 
TEN AND BALANCED? 

PROBLEM S: HOW CAN PROBLEMS BASED ON CHEMI- 
CAL EQUATIONS BE SOLVED? 
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II. ASSIMILATIVE MATERIAL FOR THE UNIT 

PROBLEM 1: WHAT DO CHEMICAL EQUATIONS 

MEAN? 

Problem Assignment. The sentences on this page are 
constructed of words, which are in turn formed by the 
proper use of letters of the alphabet. In a similar manner, 
the written language of chemistry involves the use of sym- 
bols, formulas, and equations as a shorthand means of ex- 
pressing what happens during a chemical reaction. In this 
problem we are to concentrate on learning how to read the 
shorthand of chemistry. 

135. Recording chemical reactions in the form of molec- 
ular equations. If 100 cc. portions each of solutions con- 
taining 170 milligrams of silver nitrate and 58.5 milligrams of 
sodium chloride, respectively, are placed into separate beak- 
ers, weighed, and then mixed, evidence of a chemical change is 
observed; but upon weighing them again, we find that there has 
been no change in total weight. Proof that a chemical change 
has taken place may be obtained by filtering the mixture and 
testing the residue and the filtrate. Such a test proves that 
the products are 143.5 milligrams of silver chloride and 85 
milligrams of sodium nitrate. The water does not take part 
in the reaction, but serves only as a dissolving medium. Fig- 
ure 129 should make clear the method of recording these facts 
in an equation for the reaction: 

Ag(NOg) -hNaCl-» AgCI -l-NaCNOs) 

170 -4- 58.5 -^143.5 4- 85 

'■ L ' f , V I 

228.5 -» 228.5 

As written, this equation (1) tells us that silver nitrate and 
sodium chloride react to form silver chloride and sodium ni- 
trate, and (2) indicates the weight of each substance involved 
in the reaction. In other words; 170 parts by weight of silver 
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nitrate react with 58.5 parts by weight of sodium chloride to 
form 143.5 parts by weight of silver chloride and 85 parts by 
weight of sodium nitrate. These weights are formula weights, 
and they are measured in milligrams; but they can be meas- 
ured in any weight units — grams, ounces, tons, pounds, or kilo- 
grams, and so on. 



Fig. 129. The sum of the weights o£ the 
products is equal to the sum of the weights 
of the reacting substances. 


136. The meanings, of molecular equations. The preced- 
ing discussion implies two, important meanings of molecular 
equations: (1) a substance meaning, and (2) a weight mean- 
ing. Chemical equations also have a volume meaning, pro- 
vided one or more of the substances involved is a gas. The 
equation 

2 CO O 2 — ^ 2 CO 2 

shows that carbon monoxide combines with oxygen to form 
carbon dioxide. Since all three of these substances are gases 
and actually exist as molecules, it is apparent that two mole- 
cules of carbon monoxide combine with one molecule of oxygen 
to form two molecules of carbon dioxide. According to Avo- 
gadro’s Hypothesis, equal volumes of all gaseous elements and 
compounds contain equal numbers of molecules. Then we 
may reason that equal numbers of molecules of all such gases 
occupy equal volumes. Therefore, we may conclude from the 
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equation that two -volumes of carbon monoxide, react with one 
volume of oxygen to form two volumes of carbon dioxide. 

An important relationship exists between the weight and 
volume meanings of equations. From the equations 

S -h O2 — > SO2 

32 -|— 32 — > 64 * 

we read that 32 parts by weight of sulfur combine with 32 parts 
by weight of oxygen to form 64. parts by weight of sulfur 
dioxide. Suppose these weights represent grams. Then one 
gram molecular weight of sulfur combines with one gram molec- 
ular weight of oxygen to form one gram molecular weight of 
sulfur dioxide. Since one gram molecular weight of any gas 
occupies one gram molecular volume (22.4 liters), this equa- 
tion shows that 32 grams of sulfur combine with 22.4 liters 
of oxygen to produce 22.4 liters of sulfur dioxide. The fact 
to be emphasized is tiiat if the parts by weight of each sub- 
stance represented in an equation are expressed in grams, each 
formula weight of a gas represents a volume of 22.4 liters. 

137. Molecular and ionic equations compared. We have 
previously expressed the reaction between silver nitrate and 
sodium chloride in the form of an ionic equation; 

Ag+, (NOs) - -f- Na+, Cl- ^ AgCl | + Na+, (NO3) “ 

Ionic equations for reactions in solution tell us what substances 
react and what substances are formed during a reaction. In 
addition, they suggest why the reaction takes place and how it 
goes to completion. Unless we are interested in these aspects 
of a reaction, it is more convenient to use the simplest formulas 
of the substances involved and write a molecular equation for 
the reaction. 

It is well to remember, however, that the simplest formula 
for a substance doesn’t always mean that it actually exists as 
molecules. As we have learned, such compounds as sodium 
chloride and silver nitrate are ionic compounds and exist as 
orderly groupings of Na"*" and Cl~ ions and Ag^" and (NO3) — 
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ions, respectively, both in the solid and dissolved conditions. 
On the other hand, covalent compounds formed by the sharing 
of electrons actually consist of molecules, and it is impossible 
to write an ionic equation involving them. Knowing these facts 
permits us to interpret molecular equations in an intelligent 
manner. 

138. Facts equations do not express. There are certain 
facts concerning a chemical reaction that its equation does not 
express. In general, these facts are related to the conditions 
under which the reaction takes place. The equation 

2 KCIO 3 2 KCl + 3 O 2 

does not show that manganese dioxide is used as a catalyst 
when we decompose potassium chlorate into potassium chloride 
and oxygen. Ionic equations imply that the reacting materials 
are in water solution, but this is hot apparent in the molecular 
equation for such a reaction. Some reactions require the ap- 
plication of high pressure as a necessary condition to promote 
the reaction, but this is not indicated in its equation. Equa- 
tions usually do not tell of the energy changes that accompany 
the reactions they represent; that is, they do not indicate 
whether such forms of energy as light, heat, or electricity are 
absorbed or evolved by the reaction. However, since an equa- 
tion represents an actual chemical reaction, we can usually 
supply all of this unexpressed knowledge from our laboratory 
study of the reaction, or from our textbook study of it. 

139. Equations classified for study. The following ex- 
amples of molecular equations will illustrate a convenient 
method of classifying chemical reactions for effective study. 

(1) Decomposition reactions are those in which a single 
substance undergoes a chemical change which produces two or 
more products. The equation for such a reaction always has 
only one formula on the left of the arrow, and two or more 
symbols or formulas on the right: 

2 KCIO3 -> 2 KCl + 3 O2 
2 HgO 2 Hg + O2 
2 H 2 O 2 — > 2 H 2 O -j- O 2 
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(2) Combination reactions, sometimes called synthesis and 
direct union reactions, always begin with two or more sub- 
stances, and they produce only one compound as a result of 
the reaction: 

2 H2 “j“ O2 — > 2 H2O 
S "j— O2 — ^ SO2 
C -f- O2 — ^ CO2 

(3) Single replacement reactions are those in which one 
metal replaces another metal or hydrogen from a compound in 
solution. The facts of the activity series of the metals are 
included in equations for such reactions: 

Zn + Pb(C2H302)2 Zn(C2H302)2 + Pb I 
Fe + H2(S04 ) Fe(S 04) -1- Ha t 

(4) Double replacement reactions usually take place in 
solution and consist essentially of an exchange of ionic “part- 
ners.” It will be recalled that such reactions may end in 
equilibrium, or they may go to completion by one of three 
methods: 

HgfNOs) -h KCl-> K(N 03 ) -f HgCl 4, 

(NH4) (OH) -f HCNOs) -» (NH4) (NO3) HOH 

2NaC14-H2(S04)-»Na2(S04) -|-2HClt 

A few reactions will be encountered which cannot readily 
be classed as any of the above types. Most of these will fall 
into a group including oxidation-reduction reactions. The 
following examples illustrate such reactions: 

CuO 4- Ha Cu ■+■ HaO 
CH4 + 2 O2 CO2 -f 2 H2O 
2 CuO -f C -> 2 Cu + CO 2 1 


Problem Summary Exercises that Everyone Should Do 

1. Distinguish between reaction substances and reaction prod- 
ucts; formula weights and gram molecular weights. 
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2. Distinguish between s3niibols and formulas; subscripts and 
coefficients. 

3. What are radicals? 

4. Define a chemical equation. 

5. Show how an equation may express quality; how it may ex- 
press quantity. 

6. Show how volume relationships may be expressed by equa- 
tions, 

7. What information about a reaction is not included in its 
equation as ordinarily written? 

8. Compare ionic and molecular equations as to their meanings 
and usefulness. 

9. Name and illustrate five common types of reactions. 

10. Give all of the meanings you can derive for each of the fol- 
lowing equations, classifying them as (1) substance meanings; (2) 
weight meanings; (3) volume meanings; (4) molecular meanings; 
and (S) t3pe of reaction meanings, 

(a) H2(S04) + CaCl2 -» Ca(S04) i + 2 HCl f 

(b) 2 Na + 2 HOH 2 Na(OH) + H2 1 

(c) Fe203 + 3 C->3COt + 2Fe 

(d) 3 Na(OH) + H3(P04) ~»Na3(P04) + 3 HOH 

(e) H2 + Ci2-~^ 2 HClt 

(f) K2(C03)+H2(S04 )~>K 2(S04 )+H 20 + 

(g) 2KN03-^ 2KN02 + 02t 

(h) Zn + S ^ ZnS 

(i) Ca + 2 HCl->CaCl2 + H2t 

(j) Ba(0H)2 + Na2(C03)-^Ba(C0s)i + 2Na(0H) 

PROBLEM 2: HOW ARE MOLECULAR EQUATIONS 
WRITTEN AND BALANCED? 

Problem Assignment. Having studied the various 
meanings of molecular equations for the different types of 
chemical reactions, it is important that we now learn how 
to represent reactions by means of such equations. In 
other words, we must be able to write as well as to read 
the shorthand of chemistry. The writing of molecular 
equations involves the proper use of symbols, formulas, 
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subscripts, and coefficients. In this problem, the correct 
method of applying these ideas to the writing of equations 
will be presented, one step at a time. 

140. Precautions to be observed in writing molecular 
equations. Chemical equations represent chemical reactions 
and are statements of experimental facts. Therefore, we must 
be very careful to abide by chemical facts when writing equa- 
tions. There are certain precautions to be observed when you 
write an equation, and listing them here should be of some 
assistance in helping you to avoid making many common errors. 

(1) An equation must always balance. The Law of Con- 
servation of Matter tells us that no particle of matter can be 
created or destroyed during a chemical change. Consequently, 
in any equation which is correctly written, equal numbers of 
each kind of atom must appear on both sides of the arrow. In 
the equation 

NaCl -f Pb(N03)2 PbCla i -j- Na(NOs) 

we can count: one atom of sodium on the left of the arrow and 
one on the right; one atom of chlorine on the left and two on 
the right; one lead atom on the left and one on the right; and 
two nitrate radicals on the left and one on the right. This 
equation does not balance; therefore, it is incorrect. The 
balanced equation for the reaction between sodium chloride 
and lead nitrate is: 

2 NaCl •+• Pb(N03)2 PbCls i -f- 2 NafNOa) 

(2 ) The formulas for all compounds involved in the reaction 
must be balanced as to valence. An incorrect formula makes 
it impossible to write a correct equation. The equation 

CaCls + Ag(N03) Ca(N03) -f AgCla i 

is balanced as to the number of each kind of atoms and radicals 
on either side of the arrow, but it is wrong because Ca(N03) 
is not the formula for calcium nitrate, and AgCl2 is not the 
correct formula for silver chloride. The correct equation for 
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the reaction between calcium chloride and silver nitrate, bal- 
anced as to valence, is : 

CaCl2 -f" 2 Ag(N03) — > Ca(N03)2 2 AgCl 

(3) The jormulas for the common elementary gases must 
be written to indicate that they have two atoms to the molecule. 
Always write oxygen, hydrogen, chlorine, and nitrogen as O2, 
H2, CI2, and N2, respectively, when they are free or uncom- 
bined elements (Sec. 57). The equation 

Zn + HaCSO*) Zn(S 04 ) -f 2 H t 

is balanced, and the formulas for the compounds are balanced 
as to valence; but the equation is wrong because the hydrogen 
liberated is represented as 2 H instead of H2. There is a great 
difference in meaning between these two representations, and 
only the latter is in accord with the facts. The equation 

HaO-^HaH-O 
is wrong, but the equation 

2 H 2 O -» 2 Ha -f O 2 

is correct in every detail. 

The equation 

2Hg0-^2Hg + 02 

is correct as to formulas and is balanced. O3 is the correct 
representation for oxygen gas, and 2 Hg, rather than Hga, is 
the correct representation for two atoms of mercury, because 
it is a metal and has monoatomic molecules. 

(4) An equation means nothing unless it represents an actual 
chemical reaction. Equations may be written in which all 
elementary gases are represented correctly, with all formulas 
balanced as to valence, and with equal numbers of atoms and 
radicals on either side of the arrow; and still they may not 
represent the truth according to experimental facts. The 
equation 


2 Ag -i- 2 HCl 2 AgCl -f Ha 
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seems to fulfil all the requirements of a correctly balanced 
equation. When we recall that silver is below hydrogen in 
the activity series, however, it is apparent that the equation 
is a falsehood. Hydrogen cannot be prepared by the reaction 
represented. The equation is not in accord with the observed 
experimental facts. 

141. Directions for writing and balancing equations. 
In writing and balancing molecular equations, follow the direc- 
tions given step by step until you have mastered the technique; 
then you may develop your own short-cut method. Whatever 
process you use in arriving at the correct equation for a re- 
action, the following fundamental rules must be observed. 

(1) Correct formulas for the reacting compounds must be 
written to the left of the arrow. Such formulas usually can 
be obtained from the labels on reagent bottles. Many formulas 
can be recalled from memory, and most can be figured out by 
applying valence and the rules for naming compounds. Other 
formulas may be found by referring to the index. 

(2) Correct formulas for the products of the reaction must 
be written to the right of the arrow. A knowledge of ionic 
behavior provides a basis for predicting the combinations that 
form during double and single replacement reactions. In 
deriving the correct combinations on the right side of the 
arrow, no subscripts are to be brought over from the left of 
the arrow, except those which are definitely a part of some 
radical. The following equation illustrates such an error: 

Ca(OH)2 + HCNOa) Ca(N 03 ) -f H(0H)2 

The subscript 2 from the left should not be transferred to the 
formula H(OH)2 on the right of the arrow because it is not 
part of the radical. Using it as shown makes an incorrect 
formula for water. The subscript 3, however, is part of the 
nitrate radical and should be carried over; any representation 
for the nitrate radical is wrong without this subscript. 

In decomposition and combination reactions, there is no way 
of predicting what the products of the reaction will be, except 
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upon the basis of knowing the chemical properties of the com- 
pounds and their behavior under the conditions of the reaction. 
Such knowledge must be gained from actual experience with 
the reaction in the laboratory, or must be obtained from study. 
There is no way of telling, for example, simply by looking at 
the formula, that the products of the decomposition of potas- 
sium chlorate are potassium chloride and oxygen. We might 
guess the products to be potassium, chlorine, and oxygen, or 
potassium chlorite and oxygen, or any other set of compounds. 
But our laboratory experience in preparing oxygen from this 
compound has taught us the facts, and we must represent them 
by the equation 

2 KCIO 3 -» 2 KCl -i- 3 O 2 

(3) Wken all the formulas have been written correctly on 
both sides of the arrow, the equation must be balanced as to 
numbers of atoms and radicals. All balancing must be done 
by the use of coefficient numbers in front of the formulas. No 
subscript numbers must be added or changed in order to make 
the equation balance, for this changes the correct formulas and 
consequently makes the entire equation wrong. 

142. Balancing equations for double and single replace- 
ment reactions. The Least Common Multiple principle, ab- 
breviated to L. C. M., can be utilized to balance equations for 
double and single replacement reactions, and, when properly 
applied, it never fails to give correct results. The following 
equation is ready to be balanced: 

AgCNOs) -f FeCla AgCl I FeCNOsla 

The first step is to mark the total positive valence above 
each positive atom or ion in each substance: 

Ag(N 03 ) -h FeClg AgCl I + Fe(N 03)3 

Next determine the least common multiple of these values. In 
this example, the L. C. M. is 3. Then divide the L. C. M. by 
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each total valence and use the quotients as coefficients before 
the respective formulas in the equation. The resulting equa- 
tion is : 

3 AgfNOg) -f FeCls 3 AgCU + FefNOsla 

Finally, make a check-count to see that there are equal num- 
bers of atoms and radicals on either side of the arrow. 

Two more examples are given to illustrate the least-common- 
multiple method; 

AlCls -I- H2(S04) Al2(S04)3 + HCl 

3 2.6 1 

AlCls -f- H 2 (S 04 ) ^ Al2(S04)3 + HCl (L. C. M. 

2 Aids -f 3 H 2 (S 04 ) Al 2 (S 04)3 -f 6 HCl 

Zn4-HCl-^ZnCl2-|-H2 
2 1 2 2 
Zn-f HCl-^ZnCla-f Ha (L.C. M. = 2) 

Zn-f 2HCl-^ZnCl2 4-H2t 

143. Balancing equations for combination and decom- 
position reactions. The preceding scheme cannot be applied 
to the writing and balancing of equations for decomposition 
and combination reactions. Such equations must be balanced 
on the basis of careful inspection and by a trial and error 
process. 

How can we balance this equation? 

Zn O 2 ■ — ^ ZnO 

By inspection we see two atoms of oxygen on the left of the 
arrow. We must account for the same number on the right 
side by writing a coefficient 2 before the formula ZnO: 

Zn-l-02-»2Zn0 

Now we have two atoms of zinc on the right side, but only one 
on the left. This is remedied by placing a coefficient 2 before 
the symbol for zinc: 
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2 Zn -j- O2 — ^ 2 ZnO 

Let us apply this reasoning method to balancing the equa- 
tion for the oxidation of aluminum. The reacting substances 
obviously will be aluminum and oxygen, and the product will 
be the oxide of aluminum; 

A1 "i- O2 — ^ AI2O3 

By inspection we see that the aluminum atoms can be balanced 
by placing a coefficient 2 before the symbol Al: 

2 Al “]— O2 — ^ AI2O3 - 

We now observe that there are two atoms of oxygen on the 
left of the arrow, and three atoms on the right side. The 
simplest way the oxygen atoms can be balanced is by writing 
a coefficient 3 before the symbol for oxygen and a coefficient 
2 before the formula for aluminum oxide: 

2 Al -j— 3 O2 — ^ 2 AI2O3 

This destroys the balance of the aluminum atoms, but it can 
be restored by changing the coefficient 2 to 4 before the s3mibol 
Al:- 

4 Al 3 O2 — ^ 2 AI2O3 

Balancing equations for decomposition and combination re- 
actions will test your knowledge of chemical reactions and your 
ability to think through a chemical situation. Just remember 
that every equation can be balanced if the correct formulas 
for the compounds involved are written on either side of the 
arrow. 


Problem Summary Exercises that Everyone Should Do 

1. Balance the following double and single replacement equations: 

(a) K(OH) +HCl-^KCl-fH(OH) 

(b) PbCla + AgfNP,) AgCl J + Pb(N03)2 
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(c) AlCls + (NHi) (OH) A1(0H)3 I + (NH4)C1 

(d) FeCla + Ca(OH )2 CaCla + Fe(OH )3 4 

(e) BaCla + Mg(S 04 ) Ba(S 04 ) 4 + MgCla 

(f) Pb(N03)2 + K2(S04)^Pb(S04)H-K(N03) 

(g) Fe + Cu(S 04 ) Fe(S 04 ) + Cu 4- 

(h) Na + H(OH)-»Na(OH)+H 2 t 

(i) Zn + HGl-^ZnCla + HsI' 

(j) Al + Ag(N03)-^Al(N03)3 + Ag4, 


2. Balance the following decomposition and combination equa- 
tions: 


(a) KClOg -» KCl +02 

(b) HaOa-^HaO + Oa 

(c) CaCOs — ^ CaO + CO 2 

(d) C 12 H 22 O 11 -s. C + H 2 O 


(f) Ha + Os-^HaO 

(g) S + O 2 — ^ SO 2 

(h) C0 + 02->C02 

(i) CuS + O 2 -» Cu(S 04 ) 
(J) A1 + O 2 — ^ AI 2 O 3 


(e) NaHC 03 -» 

Na 2 (C 03 ) + CO 2 + H 2 O 


3. Complete and balance the following single and double replace- 


ment equations: 

(a) Na(OH) +H 2 (S 04 )-s- 

(b) MgO + HCNOs)-^ 

(c) Gu(0H)2 + HC1-> 

(d) A1(0H)3 +HCl-» 

(e) BaCl 2 + H 3 (P 04 )-^ 


(f) FeaOg + HsCSOi)-^ 

(g) ZnCl 2 + (NH4)(0H) -» 

(h) Al2(SG4)3 + CaCla 

(i) Zn + Pb(C2H302)2^ 

(j) A1 + Cu(S04)-^ 


4 . Complete and balance the following decomposition and com- 
bination equations: 

(a) NaClOa-^ (f) Cu + S-^ 

(b) HaO^ (g) ZnS + 02 -^ 

(c) Mg + Os-^ (h) C + 02-> 

(d) Zn + Oa-^ (i) Na + S-> 

(e) MgCOs-^ (j) H2 + Cl2-» 


5. Complete and balance the following equations: 

(a) ENOa-^KNOa + Og (f) Ca( 0 H )2 + HsCPOi) 

(b) HgO-> (g) Cu0 + H2(S04)^ 

(c) P + O 2 — 5 * P 2 O 5 (h) Cu + HgCla — > 

(d) Zn + Ag 2 (S 04 ) — » (i) MnOa — > Mn 304 + O 2 

(e) Al 203 + HCl-> (j) Ag(OH) -^AgaO + HaO 
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6. State the type of reaction represented by each equation in 
Exercise 5. 

7. Write and balance equations for the following reactions: 

(a) Zinc sulfate + barium nitrate 

(b) Silver acetate + potassium chloride 

(c) Zinc + mercurous nitrate 

(d) Lead nitrate “f ferrous sulfate 

(e) Tin + antimony chloride (Sn = 2; Sb = 3) 

(f) Potassium + water 

(g) Calcium + oxygen 

(h) Zinc carbonate + hydrochloric acid 

(i) Ferric chloride + phosphoric acid 

(j) Silver -f- oxygen 

PROBLEM 3: HOW CAN PROBLEMS BASED ON 
CHEMICAL EQUATIONS BE SOLVED? 

Problem Assignment. Suppose the product of a 
chemical manufacturing company is sodium sulfate and it 
is necessary to know how much sodium hydroxide and sul- 
furic acid are needed to prepare one hundred and fifty 
pounds. By using the equation representing the reaction, 
a chemist could readily compute how much of each react- 
ing substance will be required. The weight values repre- 
sented by an equation enable the chemist to solve other 
types of chemical problems also, and we shall now en- 
deavor to learn how such calculations are made. 

144. Chemical problems based on equations. The kinds 
of calculations to be studied in this problem are based upon 
chemical equations, which represent definite chemical reactions. 
This is possible because chemical equations indicate the rela- 
tive parts by weight of each element or compound involved in 
the reaction. To illustrate the meaning of the last statement, 
the equation 

CaCi 2 + Na 2 (S 04 ) Ca(S 04 ) + 2 NaCl 

40 + 71 46 + 32 + 64 40 + 32 + 64 2(23 + 35.5) 
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shows that 111 parts by weight of calcium chloride react with 
142 parts by weight of sodium sulfate to produce 136 parts by 
weight of calcium sulfate and 117 parts by weight of sodium 
chloride. In other words, if we wished to prepare 117 grams 
of sodium chloride by means of this reaction, we would need 
111 grams of calcium chloride and 142 grams of sodium sul- 
fate. Thus we see that the actual weights oj all the substances 
involved in a chemical reaction bear a direct proportion to 
their respective equation weights. The term equation weight 
is defined as the formula weight of the substance multiplied 
by the coefficient number preceding its formula in the equation. 

145. Directions for solving straight weight problems. 
Such problems are illustrated by the following example: How 
many grams oj zinc sulfate could be prepared by the action 
oj sulfuric acid on 13 grams oj zinc? 

Before we can begin the mathematical solution to this prob- 
lem, we must read the statement of the problem very carefully 
and determine the chemical reaction upon which it is based. 
The problem says, “How many grams of zinc sulfate could 
be prepared?” ; therefore, Zn(S 04 ) will appear on the right- 
hand side of the arrow. The problem also indicates that this 
compound is to be made by the action of sulfuric acid on zinc; 
therefore, Zn and H 2 (S 04 ) must appear on the left-hand side 
of the arrow. The balanced equation for the reaction is: 

Zn -f HaCSOi) ^ Zn(S04) + Ha t 

The next step is to analyze the statement of the problem 
and ask two questions : namely. What is given? and, What is 
to be calculated? In the example, 13 grams of zinc are given 
and the weight of zinc sulfate in grams is to be computed. The 
given quantity is written above its formula in the equation, and 
X is written above the formula of the substance whose quan- 
tity is to be- found: 

X g. 

Zn -f H2(S04) -^Zn(S04) 4-H2 

65 161 
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From all of these values, a proportion equation is formed, and 
the value of x is calculated in the usual manner: 

13 _ X 

65 x = 2093 

X = 32.2 g. of Zn(S 04 ) 

By way of summary, let us make a list of the steps to be 
followed in solving a straight weight problem based upon the 
equation for a definite chemical reaction: 

1. Write the correct equation for the reaction. 

2. Ask yourself two questions: What is given? What is to 
be calculated? 

3. Write the weight of substance given above its formula, 
and write x above the formula of the substance whose weight 
is to be found. 

4. Write the equation weights below the formulas of the 
substances with which the problem is concerned. 

5. Form a proportion and solve for X. 

6. The general proportion equation is: 

Weight Given Weight to be Found 
Equation Weight Equation Weight 

146. Directions for solving weight volume problems. 
Weight volume problems are those involving both weight and 
volume measurements. These are of two tsqies: (1) weight 
volume — those in which weight is given and volume is to be 
found, and (2) volume weight — those in which volume is given 
and weight is to be found. The steps to be followed in solving 
both kinds of such problems are nearly identical with those 
already given for weight problems. The slight variations that 
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must be observed will become apparent as you study the fol- 
lowing example. 

Calculate the volume of hydrogen that can be prepared by 
the action of dilute hydrochloric acid on 196 grams of zinc. 

We must figure out what the reacting substances are and 
what the products of the reaction will be. A correct equation 
for the reaction must then be written. The quantity given is 
written above its formula and x is written above the formula 
of the substance whose volume is to be calculated. Applying 
these steps to the example problem gives the following equa- 
tion: 

195 g. X liters 

Zn -[-2HCl-»ZnCl2-|- Hat 

It will be recalled that if the equation weights are expressed 
in grams, each gram molecular weight of a gaseous substance 
represents a volume of 22.4 liters: 

195 g. X liters 

Zn -f 2 HCl->ZnCl 2 -f Ha 

65 g. 22.4 liters 

As the equation now stands, it tells us that 65 grams of zinc 
reacting with hydrochloric acid would produce 22.4 liters of 
hydrogen (under standard conditions of pressure and tempera- 
ture). To figure out the volume of hydrogen that could be 
prepared from the given weight of zinc, a proportion is set up 
and solved as follows: 

195 _ X ' 

'^~22A 
65 X = 4368.0 

X = 67.2 liters of hydrogen 

Let us solve another problem by the method just explained. 
How many liters of oxygen will be consumed in the oxidation 
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of 25 grams of carbon? The steps in solving this problem are 
applied as follows: 

25 g. xliters 
C -f O 2 -^COa 
12 g. 22.4 liters 
25 _ X 

12“ 2I4 
12 X = 560 

X = 46.6 liters of oxygen 

Weight-volume problems of the second 13^)6 are solved in 
a similar manner as the following example will show. 

How many grams of sulfur must be burned to produce 50 
liters of sulfur dioxide? 

x g. SO liters 

S “b 02“^ SO 2 
32 g. 22.4 liters 

X SO 

22.4 x= 1600 

x = 71.4 g. of sulfur 

The steps to be followed in solving weight volume or volume 
weight problems may be summarized as follows: 

1. Write the equation for the chemical reaction. 

2. Ask yourself two questions: What is given? What is to 
be found? 

3. Write the given weight or volume above its formula, and 
write X above the formula whose weight or volume is to be 
found. 

4. Write the equation weight and equation volume below 
their respective formulas. 

5. Form a proportion and solve for x. 

147. Directions for solving straight volume problems. 
Volume problems are those which deal only with volumes of 
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gases and do not involve any weight measurements. Such 
problems do not require the use of formula weights in the cal- 
culations, but they do require an understanding of Avogadro’s 
H3q)Othesis. 

From the equation 

Na -f- 3 Ha 2 NHg t 

we may read that one molecule of nitrogen combines with three 
molecules of hydrogen to form two molecules of ammonia. 
All of the substances involved in the reaction are gases. Since 
equal volumes of gases contain equal numbers of molecules, 
we may also say that equal numbers of molecules occupy equal 
volumes. The ratio among the molecules in the above equa- 
tion will therefore be the ratio among the volumes of the gases 
which combine and the gas which is formed during the reaction. 
In other words, when all the substances involved in a reaction 
are gases, the coefficient numbers indicate the relative volumes 
of the gases. The equation 

Ns-f 3H2-^2NH3t 

means that one volume of nitrogen combines with three vol- 
umes of hydrogen to form two volumes of ammonia. How 
can these facts be used to solve a problem such as the follow- 
ing example? 

How many cubic feet of ammonia could be prepared from 
800 cubic feet of nitrogen? 

The correct equation for the reaction must be written. Then 
write what is given and what is to be found above their respec- 
tive formulas: 

800 eu. ft. X cu. ft. 

Na 3 H2-»2NH8t 

The next step is to write the coefficient numbers below the 
formulas of the substances involved in the problem: 

800 cu. ft. X cu. ft. 

: Na -h 3..H3-»2NH3 

: : : ■ :iy ■■ -../A-; - , 2 
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This expression now indicates that 800 cubic feet correspond 
to one volume, and that the volume to be found will bear the 
same ratio to 2 that 800 bears to 1. In other words, we again 
set up a proportion and solve for x: 

800 _x 

T ~ 2 

X = 1600 cubic feet of ammonia 

Another example problem should make clear the method to 
be followed in solving straight volume problems. 

How many liters of hydrogen will he consumed in preparing 
1500 liters of ammonia? 

X 1500 liters 
Na + SHa-^ 2NH3 
3 2 

x__ 1500 
3 “~2~ 

2 X = 4500 

X = 2250 liters of hydrogen 

Let us summarize the steps in solving volume problems by 
listing them again in order; 

1. Write the correct equation for the reaction. 

2. Ask yourself two questions; What is given? What is to 
be found? 

3. Write the given volume above its formula, and write x 
above the formula of the substance whose volume is to be 
found. 

4. Write the correct coefficient numbers below the formulas 
of the two substances involved in the problem. 

5. Form a proportion and solve for x. 


PsoBLEM Summary Exercises that Everyone Should Do 

1. How many grams of magnesium sulfate could be prepared by 
treating 2.5 g. of magnesium oxide with sulfuric acid? 
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' '2. How many grams of lead chloride could be precipitated by 
adding sufficient hydrochloric acid to a solution containing 13 g. of 
lead acetate? 

3. What weight of cupric oxide must be reduced by hydrogen to 
prepare 4 ounces of copper? 

4. How many grams of H 2 (S 04 ) would be required to neutralize 
10 g. of sodium hydroxide? Name the products of the reaction and 
calculate the weight of each that could be obtained. 

5. How many tons of calcium oxide could be prepared from 100 
tons of calcium carbonate by the reaction represented in the equa- 
tion CaCOs — » CaO + COs? 

6. How many liters of carbon dioxide could be prepared by the 
action of hydrochloric acid on 2500 g. of calcium carbonate? 

7. What weight of carbon would have to be burned to prepare 
224 liters of carbon dioxide? 

8. Calculate the weight of potassium chlorate needed to prepare 
3 liters of oxygen. What weight of potassium chloride would also 
be obtained? 

9. How many liters of oxygen would be consumed in the com- 
plete burning of 250 liters of methane, CH4? 

10. Acetylene has the formula C 2 H 2 . How many cubic feet of 
oxygen will be needed to burn 600 cubic feet of this gas? What vol- 
ume of carbon dioxide will be formed by the reaction? What volume 
of air would be required to furnish the oxygen needed? 


III. OPTIONAL MATERIAL FOR THE UNIT 

ADDITIONAL PROBLEM SUMMARY EXERCISES 

1. How’ many grams of sodium chloride could be prepared by 
the action of Hydrochloric acid on 500 g. of Sal Soda which has 
62.9% water of hydration? 

2. A solution contains .0098 g. of H 2 (S 04 ) per cubic centimeter. 
How many cubic centimeters of the solution would be required to 
neutralize 50 cc. of a .15 molar solution of KOH? 

3. What weight of barium sulfate would be precipitated from 
one kilogram of a 2% solution of barium chloride by the action of 
sulfuric acid? 
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■ ■ 4. 500 cc. of hydrogen were prepared from zinc and hydrochloric 
acid in a laboratory where the temperature was 2T C. and the pres- 
sure' was 740 mm. The gas was collected over water. How many 
grams of zinc were required? 

5. How many liters of hydrogen will be used to reduce com- 
pletely 3.98 g.. of cupric oxide? 

6. How many liters of air will be required to oxidize 36 g. of 
carbon? What volume of CO 2 would be formed? 

7. Calculate the cost of enough sodium chlorate at 65 cents per 
kilogram to prepare 500 liters of oxygen. 

8. A gae has the formula C 2 He. What volume of oxygen is 
necessary to burn 20 liters of the gas? Calculate the volume of CO 2 
that would be produced by the reaction. 

9. Tw^enty-five liters of a vapor whose formula is C 2 H 6 O are 
burned to CO 2 and H 2 O. How many liters of oxygen are required 
for its combustion? 

10. How many liters of acetylene could be prepared 
from 16 g. of calcium carbide by the following reaction: 
CaC 2 + 2 H(OH) C 2 H 2 + Ca(OH) 2 ? How many liters of air 
will be required to burn this volume of acetylene? What volume of 
CO 2 will be produced? 

11. 37 cc. of a .3 M sodium hydroxide solution were required to 
neutralize the acetic acid in a 16.73 g. sample of vinegar. Calculate 
the percent of acetic acid in the vinegar. 

12. The density of concentrated sulfuric acid is L84j and it is 
about 98% H 2 (S 04 ). How many grams of calcium sulfate could be 
prepared by the action of a dilute solution containing 20 cc. of the 
acid on calcium carbonate? 

13. How many grams of calcium carbonate will be formed by the 
action of 22.4 liters of carbon dioxide on limewater? 

14. Calculate the weight of calcium carbonate required to pre- 
pare 336 tons of lime by this reaction: CaGOa CaO -f- CO 2 . If 
ordinary limestone rock contains 92% CaCOs, what weight of rock 
must be used to prepare the given amount of lime? 

15. How many tons of ammonium sulfate can be produced by 
neutralizing 2500 pounds of 72% sulfuric acid with ammonium hy- 
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16. If concentrated hydrochloric acid has a density of 1.18 and 
is 35% HCl, how many grams of anhydrous zinc chloride could be 
prepared by the action of 15 cc. of the acid on an excess weight 
of zinc. 

17. What weight of sulfur must be burned to prepare SO kiloliters 
of sulfur dioxide? 

18. Calculate the cost of sufficient potassium iodide at $5.30 per 
pound to precipitate the silver in 66,8 g. of silver acetate. 

19. Calculate the volumes of carbon dioxide and water vapor that 
would be produced by the complete combustion of 250 cubic feet of 
vapor whose formula is C 2 H 6 . 

20. What weight of silver chloride could be precipitated by the 
addition of silver nitrate to 5 kilograms of ocean water containing 
2.45% sodium chloride? 


IV. UNIT RECITATION AND TEST 

TOPICS FOR ORAL OR WRITTEN RECITATION 

1. Important Meanings of Chemical Equations 

2. Technique of Writing Equations for Chemical Reactions 

3. Solving Different Types of Problems Based on Chemical 
Equations 
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Coartesy Goodyear Tire & Enbber Company 

This is a "‘squirrel cage” testing machine, used in testing rubber tires 

for wear. \ 




UNIT SIX 

SULFUR AND ITS COMPOUNDS 


I. THE UNIT ASSIGNMENT 

Defining the unit. Sulfur is an element that man has 
known since remote times. It is mentioned in the Bible as 
brimstone, and was used during the time of the Caesars for 
incendiary purposes in warfare. Its medicinal properties were 
recognized as far back as the time of the ancient Greek civi- 
lization. Although the ancients were able to recognize and 
utilize certain properties of sulfur, its uses were limited. With 
the growth and development of chemical science, however, par- 
ticularly as it related to practical applications, sulfur became 
a substance of utmost importance in industry. 

Sulfur is an essential raw material in the manufacture of 
sulfuric acid, fertilizers and insecticides, pulp and paper, ex- 
plosives, dyes, and coal-tar products, and rubber. This enu- 
meration indicates only a few of the many products which 
require sulfur for their manufacture, but effectively shows why 
it is considered one of the necessary raw materials of modern 
industry. 

Passing from the element itself to some of its compounds we 
shall learn why sulfur dioxide is an important bleaching agent 
and preservative. Sulfuric acid, either directly or indirectly, 
enters into the manufacture of so many products that it is said 
that the prosperity of a nation can be judged from the amount 
of sulfuric acid which it uses. In the laboratory, chemists 
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would be seriously handicapped in their analyses if they were 
unable to obtain hydrogen sulfide. 

If man’s ingenuity challenges the interest of youth, then 
high school boys and girls who study chemistry will be eager 
to learn how sulfur is extracted from the depths of the earth. 
The many uses to which sulfur is put are equally ingenious. 
These topics — together with a study of the compounds of sul- 
fur, their methods of preparation, their characteristics, and 
their practical applications — constitute the subject matter of 
this unit. 


UNIT PROBLEMS TO BE SOLVED 


PROBLEM 1: HOW IS SULFUR OBTAINED AND FOR 
WHAT IS IT USED? 


PROBLEM 2: HOW IS SULFUR RELATED TO THE RUB- 
BER INDUSTRY? 

PROBLEM 3: HOW IS HYDROGEN SULFIDE USED IN 
CHEMICAL ANALYSIS? 


PROBLEM 4: HOW MAY SULFUR DIOXIDE BE PRE- 
PARED AND FOR WHAT IS IT USED? 

PROBLEM 5: WHY IS SULFURIC ACID THE MOST IM- 
PORTANT COMPOUND OF SULFUR? 
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II. ASSIMILATIVE MATERIAL FOR THE UNIT' 

PROBLEM 1: HOW IS SULFUR OBTAINED AND FOR 
WHAT IS IT USED? 

Problem Assignment. The method by means of 
which sulfur is obtained in Texas and Louisiana is a story 
of how our country became independent of foreign sources 
of supply. It was known that there were large potential 
supplies of sulfur deep down in the ground, but how to get 
them out was the problem. Owing to the inventive genius 
and persistence of an American chemist, Herman Frasch, 
who refused to become discouraged in the face of difficul- 
ties, the United States now not only provides its own sul- 
fur, but also exports it. 

In the earlier sections of this text, considerable emphasis 
was placed upon the value of a knowledge of the properties 
of matter. As we study the physical properties of sulfur, 
we shall see how one of its properties was utilized to make 
possible its extraction from the earth. A detailed study of 
the chemical properties of sulfur and a knowledge of its 
uses will serve as an effective introduction to the problems 
which constitute this unit. 

148 . Where sulfur is found. Sulfur is a widely distributed 
element and it occurs in both the free and combined forms. 
One of the relatively few elements necessary to life, it is a 
constituent of all plant and animal organisms. It is found in 
combination with metals, particularly in the form oi'^sulfides^. 
and sulfates. Metallic sulfides are the source from which some 
of our widely used metals are obtained. Zinc sulfide, lead 
sulfide, and iron sulfide are well-known representatives of this 
group, while calcium sulfate, magnesium sulfate, and barium 
sulfate are some of the most common representatives among 
the sulfates. 
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In the free or uncombined form, sulfur is found in the vol- 
canic regions of Mexico, Japan, and Italy, while in our own 
country it is found in Louisiana and Texas. These localities 



Fig. 130. The Frasch process for the ex- 
traction of sulfur. 


constitute some of the chief sources of the world’s supply. In 
1900, Italy produced the largest quantity of sulfur, but the 
United States has long since been the largest producer of 
sulfur in the world. A recent year’s output was approximately 
two and a half million tons, most of which came from Texas. 






Fig. 131. After the molten sulfur is poured into the storage bins it 
cools and solidifies. This picture shows the solidified sulfur after 
the wall of the storage bin has been taken away. Cranes load the 
sulfur in railway cars. 


ventor, Herman Frasch. This process is so ingenious that it 
merits a detailed explanation. 

The Frasch process takes advantage of the fact that sulfur 
has a low melting point, 114.5° C. A well is drilled down into 
the deposit of sulfur, and a pipe ten inches in diameter is then 
driven part way into the hole. This pipe acts as a casing, and 
its lower end rests in the cap rock which is immediately above 
the sulfur. Into this casing is placed a series of concentric 
pipes (Fig. 130), which extend from the surface of the ground 
dowm into the deposits. The diameters of the pipes are six 
inches, three inches, and one inch, respectively. Water, heated 
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under pressure to a temperature of about 170° C., is pumped 
down through the space between the six-inch and three-inch 
pipes. This melts the sulfur; but the sulfur, being heavier than 
the water, settles to the bottom, forming a pool at the foot of 
the well. Compressed air, which enters from the one-inch pipe, 
not only forces many air bubbles into the melted sulfur, thus 
lessening its density, but also forces it up through the space be- 
tween the one-inch and three-inch pipes. When it reaches the 



Fig. 132 . Allotropic modifications of sulfur. 


surface, the melted sulfur flows into huge bins and is allowed 
to solidify. Some wells may yield as high as 500 tons of sul- 
fur a day. 

150. Physical properties of sulfur. Sulfur is a pale yellow 
solid, a little more than twice as heavy as water, with a very 
slightly perceptible odor, and practically tasteless. It is in- 
soluble in water, but is soluble in carbon disulfide and other 
solvents, such as sulfur chloride and warm turpentine. When 
sulfur is heated it undergoes several interesting changes de- 
pending upon the temperature. At 114.5° C. it is a light yel- 
low, freely-flowing liquid. Continued heating causes this 
liquid to assume a darker color and become like thick molasses. 
At about 220° C., the container can be inverted without the 
sulfur running out. Above this temperature the viscosity of 
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the sulfur decreases and again it becomes a thin liquid, until 
at 445° it boils with the formation of a yellow vapor. 

151. Varieties of sulfur. There are several varieties of 
sulfur, each variety possessing different characteristics. The 
most famiUar of these are rhombic, monoclinic or prismatic, 
and plastic. The first two varieties are crystalline in structure 



Fig. 133. Rhombic sulfur crystals as they occur in nature. 


.while the latter is amorphous. Rhombic crystals may be ob- 
tained by the spontaneous evaporation of a solution of sulfur 
in carbon disulfide. Viewed under the microscope, they show 
a regular octahedral (eight-sided) formation. Sulfur found 
in nature has this structure. Monoclinic crystals may be ob- 
tained by carefully melting some sulfur and then allowing it to 
cool until part of the molten sulfur has solidified. If the re- 
maining liquid is then poured out, the solid sulfur which is left 
in the container will consist of long needle-shaped crystals. 
When boiling sulfur is poured into cold water, a soft, gummy 
substance, brown in color, and having some elasticity, is 
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formed (Fig. 132). This is plastic sulfur. In time, both the 
monoclinic and the plastic varieties of sulfur revert to the 
rhombic form. 

152. Chemical properties of sulfur. Sulfur burns readily 

in air with a pale blue 
flame, and with the for- 
mation of sulfur diox- 
ide: 

S -f" O 2 — ^ SO 2 

It is a very active ele- 
ment when heated, unit- 
ing directly with all 
metals except gold and 
platinum to form the 
corresponding sulfides. 
The action in some 
cases is so vigorous that 
it produces incandes- 
cence. Thus when a 
mixture of sulfur and 
iron filings is heated, 
the mass continues to 
glow even after it has 
Fig. 134. Prepar^ion of carbon disul- been removed from the 

flame. A thin piece of 
hot copper put into boiling sulfur will glow brilliantly, while 
a mixture of powdered zinc and powdered sulfur will unite 
with explosive violence when ignited: 

Cu S — ^ CuS 
2n -f* S — ^ ZnS 

Sulfur will also unite with some non-metals, particularly car- 
bon and chlorine, but the chemical action is not so energetic 
as in the case of metals. When carbon, in the form of coke, 
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and sulfur are heated together at a high temperature, carbon 
disulfide is formed (Fig. 134): 

C + 2S-»CS2 

Sulfur chloride is made by passing chlorine over boiling sulfur: 

2 S + CI2 -> S2CI2 

We have already noted that sulfur will dis- 
solve in carbon disulfide. This liquid is also 
an excellent solvent for gums, waxes, resins, 
oils, rubber, and phosphorus. Sulfur chlo- 
ride is also a good solvent for sulfur, and is 
used in the vulcanizing of rubber. 

In its chemical behavior, sulfur closely 
resembles oxygen. A comparison of the dia- 
grams illustrating the atomic structures of 
oxygen and sulfur shows that each has six 
electrons in its outer orbit (Fig. 135). This 
fact will account in large measure for the 
similarity in chemical behavior, and will also 
explain why the compounds of sulfur and the 
compounds of oxygen have many similar formulas, a few ex- 
amples of which follow: 

Compounds of Sulfur Compounds of Oxygen 


Mercuric sulfide 

HgS 

Mercuric oxide 

HgO 

Lead sulfide 

PbS 

Lead oxide 

PbO 

Zinc sulfide 

ZnS 

Zinc oxide 

ZnO 

Hydrogen sulfide 

H2S 

Hydrogen oxide 

H2O 

Cupric sulfide 

CuS 

Cupric oxide 

CuG 

Magnesium sulfide 

MgS 

Magnesium oxide 

MgO 


153. Uses of sulfur. The importance of sulfur to modern 
industry can be judged by the fact that during normal times 
more than one million tons are used annually. The largest 
quantity is used in the manufacture of so-called heavy chem- 




Fig. 135. Compar- 
ison of the struc- 
ture of the sulfur 
and oxygen atoms. 
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icalSj notably siilfiiric acid. The preparation of fertilizers and 
insecticides, the manufacture of wood pulp and paper, of ex™ 
plosives, dyes, and coal tar products utilize the largest quanti- 
ties of sulfur in the order named. Sulfur is also used in the 
manufacture of matches, the important sulfur compound being 
pMsphoms sesguisulfide, P4S3. Another very important use 
of sulfur is in the vulcanizing of rubber. 


PROBLEM' Summary Exercises that' Everyone' Should Do 

1. Where and under what conditions is sulfur found? 

2. How is sulfur obtained by the Frasch process? 

3. What are the physical properties of sulfur? 

4. What are the chemical properties of sulfur? 

5. How can you explain the similarity in the chemical behavior 
of sulfur and oxygen? 

6. Write the equations for the formation of five oxides and five 
sulfides. 

7. What common varieties of sulfur are there, and how is each 
obtained? 

8. What are some uses of sulfur? 

9. Why is the Frasch process not used in other countries? 

PROBLEM 2: HOW IS SULFUR RELATED TO THE 
RUBBER INDUSTRY? 

Problem Assignment. The year 1939 marks the one 
hundredth anniversary of Charles Goodyear’s noteworthy 
achievement in making possible the commercial utili- 
zation of rubber for the manufacture of many useful ar- 
ticles. Although Goodyear experimented for many years 
on this problem, the idea was not a new one even at that 
time. Rubber had been known for several centuries. Ex- 
plorers made mention of it as early as 1525, and there is 
evidence that the natives of the countries described w^ere 
able to make limited practical applications of the crude 
rubber gum in fashioning rough shoes and rubber garments. 
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It was not until the beginning of the nineteenth century, 
however, that any experiments were seriously attempted. 

This problem will show the part that sulfur played in 
Goodyear’s discovery and just how sulfur is related to the 
rubber industry. 

154. Sulfur and the rubber industry. Large rubber plan- 
tations are located in certain tropical countries, notably Brazil 



Courtesy Firestone Tire & Eubber Company 

Fig. 136. Incisions made in the bark of the rubber tree cause a 
sap of milky appearance to flow out. This sap is known as latex. 

and the East Indies. Incisions are made in the bark of the 
trees growing on these plantations. A sap of milky appearance 
flows out and is collected (Fig. 136). This sap is known as 
latex and consists of an emulsion of minute rubber particles 
dispersed in water. The addition of acetic acid to the latex 
causes the rubber particles to coagulate and coalesce. The 
crude rubber gum thus obtained is frequently referred to as 
caoutchouc, a compound whose formula seems to be a very 
large multiple of CsHg. This is the raw material from which 
the finished product is made. 

The tremendous growth in the use of automobiles has caused 




le crude-rubber' 
xing machine. 


calender, ap- 
plies the rub- 
ber to th€ 
cords. 


An automatic bias cut- 
ter which cuts the cord 
at an angle of forty- 
five degrees so it will 
stretch under tension 
when in the tire. 


Courtesy Firestone Tire RnlihsT Coniijany 
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a correspondingly large increase in the use of rubber tires. 
The manufacture of these automobile tires consumes the major 
portion of our rubber imports. Even if there were no demand 
for rubber for the manufacture of tires, the rubber industry 
would still be a large one. This is because rubber has proper- 
ties which make it useful for a variety of products. Among 
its more important properties the following may be empha- 
sized: (1) it is elastic and flexible; (2) it is tough and durable; 
(3) it is a non-conductor of electricity; (4) it is waterproof, 
air-tight, and acid-resisting. For these reasons it is used in 
making hot water bottles, rubber shoes, boots, and raincoats; 
for engine mountings and chassis cushions in the automobile 
industry; in the manufacture of tire casings and inner tubes; 
and for making rubber bands, ice-cube trays, and other articles 
too numerous to mention. 

155. Goodyear’s contribution. This great industry with- 
out doubt owes its existence and development to the efforts of 
Charles Goodyear. For ten years he persisted in his research, 
employing many chemicals and processes, and finally wrought 
the miracle which is fundamental to the manufacture of rubber. 
Previous to that time, articles made of rubber would be sticky 
in the high temperatures of summer and would become brittle 
in the low temperatures of winter. In 1839, Goodyear chanced 
upon the solution to this problem. He discovered that by heat- 
ing a mixture of sulfur and rubber, the properties of the rubber 
could be varied as desired. The amount of sulfur added, the 
temperature, and the length of time it is heated largely deter- 
mine the elasticity and the degree of hardness of the resulting 
rubber product. The process of heating rubber with sulfur in 
this way is known as vulcanizing. The addition of about 10 
percent sulfur and heating at a temperature of around 150° C. 
produces soft vulcanized rubber; hard rubber, also called 
ebonite and vulcanite, is formed when the amount of sulfur is 
increased to around 30 to SO percent and a higher temperature 
is employed. Although the amount of sulfur used in vulcaniz- 
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ing is relatively small, the whole rubber industry is dependent 
upon it. 

In everyday practice, the process of manufacturing rubber 
articles is not so simple as has just been described. Carbon 
black, zinc oxide, and other metallic oxides, technically called 
fillers, are added in addition to the sulfur. The name “fillers” 
is apt to be misleading, since actually the addition of these 
substances adds durability as well as other desirable char- 
acteristics to the rubber. Besides the fillers, small quantities 
of certain organic compounds called accelerators are added 
which greatly reduce the length of time required to vulcanize 
the rubber. 

It is a matter of common knowledge to geography students 
that Akron, Ohio, has been called “the rubber city of the world” 
because so many rubber factories are located there. In one 
year just one of the companies did a business of two hundred 
million dollars. Not all of the companies are as large as this 
one, but when we consider how many companies there are and 
the combined volume of their business, we can get some appre- 
ciation of the size of this industry and the part which sulfur 
plays in it. 

156. Synthetic rubber. One ideal for which the chemist 
strives is the practicable preparation of materials which we 
usually must import from other countries. An example is 
rubber, the raw material for which has been largely imported 
from foreign countries. Since the United States is the largest 
user of rubber of any country in the world, the ability to pro- 
duce rubber, or a substance having the properties of rubber, 
would be important not only as a scientific and industrial 
achievement, but also because it would make us independent 
of other countries in times of stress or emergency. This prob- 
lem is one that has engaged the interest and effort of experi- 
menters for many years. 

Recent developments have demonstrated that a synthetic 
product called “Neoprene,” having all the characteristics of a 
completely vulcanized rubber, can be successfully manufac- 
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sive tests show that automobile tires made from this synthetic 
rubber wear as well as tires made from natural rubber. At 
present, however, the cost of manufacture of synthetic rubber 
is considerably more than the cost of the natural product. It 
is quite probable that in time this difficulty will also be over- 
come, since the raw materials used consist of coal, liniestone, 
salt, and water, all of which are easily available and inexpen- 
sive. 


Problem Summary Exercises that Everyone Should Do 

1. Where and under what conditions is rubber obtained? 

2. Why does the rubber industry depend upon sulfur for the 
manufacture of its products? 

3. How has the automobile caused a large increase in the con- 
sumption of sulfur? 

4. Why would the manufacture of rubber still be a great in- 
dustry even though there were no demand for tires? 

5. To whom does this industry owe its development? 

6. Why was it difficult to use rubber successfully before the dis- 
covery of the process of vulcanizing? 

7. What determines the degree of elasticity or of hardness which 
the finished rubber product will have? 

8. What are/ffillers^’ used for in the manufacture of rubber? 

9. What purpose do ^^accelerators” accomplish? 

10. What ideal do chemists strive for with respect to our de- 
pendence on foreign countries for raw materials? 

11. What progress is being made toward the attainment of this 
ideal in connection with rubber? 

12. Define: latex; caoutchouc; vulcanizing; synthetic rubber. 

PROBLEM 3: HOW IS HYDROGEN SULFIDE USED 
IN CHEMICAL ANALYSIS? 

Problem Assignment. One substance which attracts 
attention because of its odor is hydrogen sulfide. It would 

• be a difficult matter for the outsider to understand how a 
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substance of such repulsive odor could possibly serve any 
useful purpose. The truth is that hydrogen sulfide serves 
a very important function in chemical analysis, and for 
that reason its odor must be tolerated. In this problem we 
shall learn about the occurrence of hydrogen sulfide, how it 
is prepared, and what its properties are. We shall then 
have a background which will enable us to understand a 
description of how hydrogen sulfide is used in analysis. 

157. Where hydrogen sulfide is found. Hydrogen sulfide 
is one of the decomposition products of proteins. This ex- 
plains the very disagreeable 
odor associated with cer- 
tain foods in the process of 
spoiling. Sewer gas often 
contains hydrogen sulfide in 
sufficient quantities to con- 
stitute a menace to health, 
if not to life itself, because 
this gas is poisonous when 
breathed. Hydrogen sulfide 
is one of the gases evolved 

T t. .. ITTT” by volcanoes. So-called 
preparing hydrogen sulfide, sulfur springs contain liy- 

drogeh sulfide in solution. 

158. How hydrogen sulfide is prepared. Generally, hy- 
drogen sulfide is prepared by the reaction of an acid and a 
sulfide (Fig. 139). Either dilute hydrochloric or dilute sul- 
furic acid may be used, but ferrous sulfide is generally used 
because it is the cheapest. Nitric acid cannot be used because 
it oxidizes the hydrogen sulfide as it is formed. The follow- 
ing equations show the reactions involved: 

FeS -f 1 HCl HaS t -f FeCla 
FeS -f HafSOi) ^ HgS f -f FefSO*) 

159. Physical properties of hydrogen sulfide. Hydrogen 
sulfide is a colorless gas, a little heavier than air. It is some- 
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what soluble in water and for this reason is usually collected 
by the displacement of air. At ordinary temperatures, one liter 
of water will dissolve about three liters of hydrogen sulfide. 
It has a very offensive odor. It is quite poisonous and there- 
fore caution must be observed when working with it that too 
much is not inhaled. It can easily be liquefied by pressure. 
Its critical temperature is 100° C., which means that above this 
temperature hydrogen sulfide cannot be liquefied, however 
great the pressure. 

160. Ghemical properties of hydrogen sulfide. Hydro- 
gen sulfide in solution forms an acid called hydrosuljuric acid 
whose formula is H 2 S, the same as that of the gas. This acid 
dissociates slightly into hydrogen ions and sulfide ions and is 
therefore a weak acid. Some measure of the weakness of the 
acid is indicated by the slowness with which it turns blue 
litmus red. It will, however, neutralize bases, and the salts 
are called sulfides. 

Hydrogen sulfide will burn readily, the products of combus- 
tion depending upon the amount of air or oxygen available. 
With a limited supply of air, the products are water and sulfur; 
but with a plentiful supply of air, the products are water and 
sulfur dioxide, as follows: 

(1) 2H2S-f 02-^ 2 H 2 O -1- 2 8 4, 

(2) 2 H 2 S -f 3 O 2 2 H 2 O -h 2 SO 2 1 

It is a common thing to find a film of sulfur deposited on top 
of the water around the edges of sulfur springs. Equation 
(1) gives the chemical explanation as to why this film of sulfur 
forms. It is due to the partial oxidation of the hydrogen 
sulfide. 

Hydrogen sulfide is not a very stable compound. It decom- 
poses when heated. If a cool dish is held over a hydrogen 
sulfide flame, a deposit of free sulfur will collect on the dish. 
This shows that the heat from the flame has decomposed some 
of the hydrogen sulfide. Because it decomposes easily, and 
because of the readiness with which hydrogen and sulfur unite 
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with oxygen, hydrogen sulfide is a very good reducing agent. 
The following equation shows how it will reduce sulfur dioxide: 

YHsS-fSOa-^aHaO + SS 

Since hydrogen sulfide and sulfur dioxide are both products of 
volcanic action, the preceding equation explains one of the 



Fig. 140. Hydrogen sulfide gas being bubbled into 
solutions o£ cadmium chloride, lead acetate, and so- 
dium chloride, respectively. Precipitates form in the 
first two solutions but not in the third. Why? What 
acid is formed in the bottle containing the water? 

theories for the occurrence of uncombined sulfur in volcanic 
regions. 

Many metals react with hydrogen sulfide to form the cor- 
responding metallic sulfides. This furnishes us with an ex- 
planation as to why silver tarnishes. The air usually contains 
very small quantities of hydrogen sulfide, which, coming in con- 
tact with silver, forms a film of black silver sulfide, Ag2S, on 
the object. 

Not only will metals unite directly with hydrogen sulfide, 
but their salts in solution will react with it, the sulfide of the 
metal being precipitated in many instances. The following 
equations summarize the methods which have been mentioned 
as to how sulfides may be formed. 
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(1) Direct union of elements; 

Fe + S->FeS 
Cu -[" S CuS 

(2) Bases and solution of hydrogen sulfide: 

2 Na(OH) + HaS NaaS + 2 HaO 
Ca(OH )2 + HaS CaS + 2 HaO 

(3) Metals and hydrogen sulfide: 

2 Ag -f- HaS — > AgaS -f- Ha 
Cu + HaS-^CuS-fHa 

(4) Salts and hydrogen sulfide: 

CdCla + HaS CdS | + 2 HCl 

PbCNOala + HaS PbS 4, + 2 HfNOa) 

161. How hydrogen sulfide is used. The most important 
use of hydrogen sulfide is in chemical analysis. Under certain 
conditions, it will precipitate metals from their salts in solution 
as sulfides. The nature of the reaction with hydrogen sulfide 
provides information which assists in identifying the substance. 
The following classification is usually made: 

1. Metals whose sulfides are insoluble in an add solution, 
some examples of which are copper, mercury, antimony, and 
tin. 

2. Metals whose sulfides are insoluble in a neutral or alka- 

line solution, some examples of which are iron, cobalt, nickel, 
and zinc. . 

3. Metals whose sulfides are not precipitated under any 
conditions, some examples of which are sodium, potassiurh, cal- 
cium, and magnesium. 

Very often the color of the precipitated sulfides will give a 
clue as to what metal is present. For example, cadmium sul- 
fide is yellow, antimony sulfide is orange, zinc sulfide is white, 
and the sulfides of lead and copper are quite black. A detailed 
discussion of the procedure and of the reactions involved where 



.284 


MODERN-LIFE CHEMISTRY 


hydrogen sulfide is used for the purpose of identif5dng sub- 
stances is usually reserved for that branch of chemistry known 
as qualitative analysis (Sec. 355). 

162. How to test for a sulfide. The procedure depends 
upon whether the substance is soluble or insoluble. If it is in- 
soluble, a little dilute hydrochloric acid may be added. If a 
gas is evolved which has an odor resembling that of rotten 
eggs, the gas is brought in contact with a piece of filter paper 
which has previously been moistened with lead acetate solution. 
If the filter paper turns black, then the gas is hydrogen sulfide 
and the substance tested is a sulfide: 

XS -1- 2 HCl -» XCla -1- HaS t 
HsS 4- PbCCaHsOsla 2 H(C2H302) + PbS | 

If the substance to be tested is soluble, then the formation of a 
black precipitate upon the introduction of a little lead acetate 
indicates the presence of sulfide ions: 

X++, S— -f Pb++, 2(C2H302)- X++, 2 (C2H3O2) - + PbS i 


Problem Summary Exercises that Everyone Should Do 

1. Where is hydrogen sulfide found? 

2. Write an equation showing how hydrogen sulfide is prepared 
in the laboratory. 

3. What are the physical properties of hydrogen sulfide? 

4. What are its chemical properties? 

5. What precautions must be observed when working with hy- 
drogen sulfide? 

6. What are four different methods by means of which sulfides 
may be prepared? 

7. Write an equation illustrating each method described in Exer- 
cise^d.; : 

8. How is hydrogen sulfide used in analysis? 

9. How are sulfides classified with respect to solubility for pur- 
poses of analysis? 
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10. What physical property of precipitated sulfides often fur- 
nishes a clue as to their identity? 

11. How can one test an unknown substance to determine whether 
it is a sulfide or whether its solution contains sulfide ions? 

12. Discuss the following terms with respect to hydrogen sulfide: 
(a) combustion; (b) reducing agent; (c) action with metals; (d) 
precipitant. 

PROBLEM . 4: HOW MAY SULFUR DIOXIDE ' BE 
PREPARED AND FOR WHAT IS IT USED? 

Problem Assignment, Decidedly versatile is sulfur 
dioxide and highly diversified are its uses. Hidden from 
sight but continuously at work in a hermetically sealed re- 
frigerating system, it preserves our food by maintaining low 
temperatures. Also hermetically sealed, but in this Instance 
in tin cans, it acts as a food preservative in an entirely dif- 
ferent manner by killing any living organisms which may 
be present. In a still different capacity it makes certain 
food products, such as dried apples or peaches, more pre- 
sentable and desirable in appearance by bleaching them to 
the same shade of color. Dissolved in water and then con- 
verted into one of its salts, sulfur dioxide provides a very 
important compound in the manufacture of paper from 
wood pulp. We do not need further enumeration of all the 
details here— that will be done as we undertake the study 
of the problem. From that study we shall learn just how 
the physical and chemical properties of sulfur dioxide make 
possible its widely varied uses. 

163, Where sulfur dioxide is found. Sulfur dioxide is 
one of the gases produced by active volcanoes. It is present 
also in the atmosphere, particularly in large industrial centers 
where gases are being emitted by many smokestacks. Coal 
usually contains some sulfur and the oxidation of this sulfur 
forms sulfur dioxide. When ores of zinc and copper are heated 
in the initial stage of separating these metals from their com- 
pounds, sulfur dioxide is one of the products formed. This 
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was formerly allowed to go to waste by passing out. into the 
atmosphere, but some refining plants now utilize the sulfur 
dioxide in the manufacture of sulfuric acid. 

164. How sulfur dioxide is prepared. Sulfur dioxide is 
readily formed when sulfur burns in air but this does not con- 



stitute a practical method for collecting it in the laboratory. 
The methods indicated in the following equations are the ones 
which are generally used (Fig. 141). 

(1) By treating a sulfite with an acid. Either dilute hydro- 
chloric or dilute sulfuric acid may be used: 
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Naa (SO3) + 2 HCl 2 NaCl + H2O + SO2 1 
NaaCSOs) + H2(S04) -> Na2(S04) + H 3 O + SOa f 

(2) By the action of hot concentrated sulfuric acid on a 
metal; 

Cu + 2 H 2 (S 04 ) Cu(S 04 ) + 2 H2O + SOa t 

On a large scale for commercial quantities, sulfur dioxide is 
generally obtained by burning sulfur, or as a by-product from 



Fig. 142. Liquefaction of sulfur dioxide. The 
dried sulfur dioxide is passed into a U tube sur- 
rounded by a freezing mixture or by dry ice. 


the refining of certain metals. When zinc sulfide is heated, the 
following reaction takes place: 

2 Z<nS “|- 3 O2 — ^ 2 ZnO -I- 2 SOa i' 

Similarly, when iron pyrite, FeSa, is heated in air, we have: 

4 FeSa -f 11 O 2 2 FeaOs -f 8 SOa f 

16S. Physical properties of sulfur dioxide. Sulfur diox- 
ide is a colorless gas, more than twice as heavy as air, and very 
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soluble in water. It has a sharp, suffocating odor. It is easily- 
liquefied and in the liquid condition is transported in steel 
cylinders for industrial purposes. Its critical temperature is 
1SS° C. 

166. Chemical properties of sulfur dioxide. Sulfur diox- 
ide is a stable compound. It neither burns nor supports com- 



Fig. 143. Sulfur trioxide can be 
made in the laboratory by passing 
sulfur dioxide and oxygen through 
heated platinum catalyst. 



i Pig. 144. Bleaching an ap- 
ple peeling with sulfur di- 
oxide. 


bustion. It can be caused to unite with oxygen to form sulfur 
trioxide: 

2 SO 2 “I" O 2 ■ — ^ 2 SO 3 

Under ordinary conditions this reaction takes place slowly, but 
in the presence of a suitable catalyst, sulfur dioxide will unite 
readily with oxygen to form sulfur trioxide (Fig. 143). 

Sulfur dioxide is a good reducing agent. A striking example 
of its capacity to reduce is shown by introducing the gas into 
a solution of potassium permanganate. In a short time, the 
deep purple potassium permanganate solution will have 
changed into a colorless liquid. In the process, the sulfur 
dioxide is oxidized to sulfuric acid. 

167. Uses of sulfur dioxide. Sulfur dioxide is extensively 
used for bleaching wool, silk, straw, wood pulp, and dried and 
canned fruits and vegetables. Sulfur dioxide is preferable to 
other substances as a bleach because it does not injure the 
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fabric; however, its effect is not always permanent. That is 
why a straw hat which has been bleached with sulfur dioxide 



Courtesy Prigidaire Col'pomtion 

Fig. 145. Refrigeration with sulfur dioxide. The sul- 
fur dioxide is liquefied by compression after which it 
passes into the freezer in which it evaporates. Evap- 
oration is a heat-absorbing process. The heat is ob- 
tained from the interior of the refrigerator, leaving it 
cold. 

may turn yellow again after having been exposed to the sun 
and air for a time. An interesting demonstration of the bleach- 
ing effect of sulfur dioxide (Fig. 144) is to suspend the peeled 
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skin of a dark red apple in a bell jar. Sulfur dioxide, formed 
by burning a little sulfur at the bottom of the jar, will soon 
cause the peeling to become pale. Reduction, which results 
in the removal of oxygen from the colored substance in the 
peeling, is the chemical explanation as to why sulfur dioxide 
bleaches. 

Since sulfur dioxide destroys bacteria which causes foods to 
spoil, it is used as a food preservative. There is a difference 
of opinion as to whether food packers should be allowed to 
use sulfur dioxide for this purpose, some contending that its 
presence in foods is injurious. 

Because sulfur dioxide is easily liquefied, and also because 
it does not attack the copper or brass in small refrigerator 
units, it makes an excellent refrigerant. Its use for this pur- 
pose has become widespread (Fig. 145). Household mechan- 
ical refrigerators are equipped with motors and compressors. 
The motor operates the compressor and the compressor liquefies 
the gas. The sulfur dioxide passes through a cycle in which it 
is liquefied and then evaporated. Evaporation is a heat- 
absorbing process. Heat is removed from the interior of the 
refrigerator by the evaporation of the liquid sulfur dioxide. 
The temperature within the refrigerator can be controlled by 
regulating the rate of the evaporation of the liquid. 

While bleaching, preservation of foods, and refrigeration 
constitute important uses of sulfur dioxide, the most important 
and the largest use of sulfur dioxide is in the preparation of 
sulfuric acid. 

168. Sulfurous acid, H 2 (S 03 ). When sulfur dioxide is 
dissolved in water, the resulting solution turns blue litmus red. 
This solution is known as stdfurous acid and the equation repre- 
senting its formation is: 

SO 2 -f H 2 O ?=iH2(S03) 

Non-metallic oxides which form acids when they react with 
water are known as acid anhydrides. Sulfur dioxide is there- 
fore an acid anhydride, and is sometimes called sulfurous 
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anhydride. Sulfurous acid. dissociates slightly; heEce^ it is a 
weak acid: 

H2(S03)^2H+, (SO 3 )™ 

Sulfurous acid is not very stable and will decompose into sulfur 
dioxide and water when heated. The reaction by means of 
which this acid is made is therefore reversible. Sulfurous acid 
will slowly unite ^ with the oxygen of the air to form sulfuric 
acid: ■ 

2H2(S03) +02-»2H2(S04) 

Salts of sulfurous acid are called sulfites. Large quantities 
of calcium bisulfite, Ca(HS03)2, are used in treating wood 
pulp in the manufacture of paper. The reason for this use is 
that it dissolves lignin, a sort of cement which binds the wood 
fibers together. 


Problem Summary Exercises that Everyone Should Do 

1. Where is sulfur dioxide found? 

2. By what methods may sulfur dioxide be prepared in the labo- 
ratory? 

3. How is sulfur dioxide prepared commercially? 

4. What are the physical properties of sulfur dioxide? 

5. What are its chemical properties? 

6. Why is sulfur dioxide called an acid anhydride? 

7. What salt of sulfurous acid is used in treating wood pulp and 
just what is its purpose? 

8. Describe the various uses of sulfur dioxide. 

9. Explain the chemical process by means of which sulfur diox- 
ide bleaches. 

10. Why is sulfur dioxide well adapted for use in small household 
refrigerators? 

1 1 . What is the most important use of sulfur dioxide ? 

12. Given unlabeled samples of hydrogen sulfide and sulfur diox- 
ide, how could you identify them? 
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■ PROBLEM 5: WHY IS SULFURIC ACID THE' MOST 
IMPORTANT COMPOUND OF SULFUR? 

Problem Assignment. The first recorded mention of 
sulfuric acid is made in the writings of the Arabian alche- 
mist, Geber, who lived in the eighth century, b,c. Then, 
sulfuric acid was made by the ignition of either iron sulfate 
or potassium aluminum sulfate. Now, it is made by the 
lead chamber process or the contact process. The former 
method was devised in 1746 fay an Englishman named Roe- 
buck. Methods for making the acid had been crude and 
expensive. A ton would bring as high as one thousand dol- 
lars. Due to the rapid development of industry in England 
at that time, there was need for cheaper and more efficient 
production of sulfuric acid. The lead chamber process 
filled that need. While a patent for the contact process 
had been granted to Phillips, another Englishman, in 1831, 
it was not until after 1900 that sulfuric acid was made on 
any appreciable scale by this method. In this problem we 
shall consider the methods by means of which sulfuric acid 
is made, its physical properties and chemical conduct, and 
then, from the consideration of its uses, we will attempt to 
answer the question as to why it is the most important 
compound of sulfur. 

169. How sulfuric acid is made. The first sulfuric acid 
plant built in the United States was constructed in Philadelphia 
in 1793. Its production was approximately one hundred and 
fifty pounds a day. Today, the production of sulfuric acid 
is measured, not in pounds, but in millions of tons per year. 

There are two well-defined methods for the manufacture of 
sulfuric acid, the more modern being known as the contact 
process and the older as the lead chamber process. The pre- 
liminary steps in each case involve the formation of sulfur 
dioxide from the burning of sulfur, or from the burning of a 
metallic sulfide, and the oxidation of the sulfur dioxide to 
sulfur trioxide. Since sulfur trioxide is the anhydride of sul- 
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furic acid, it may be converted into sulfuric acid by combining 
it with water : 

SOs + H2O ^ HafSOi) 

As has already been pointed out, sulfur dioxide does not 
unite readily with oxygen, but this reaction does proceed satis- 
factorily in the presence of a suitable catalyst (Fig. 143). The 
fundamental chemical difference in the two methods for manu- 
facturing sulfuric acid lies in the nature of the catalysts em- 
ployed. The lead chamber process uses oxides of nitrogen, 
while the contact method employs vanadium compounds or 
finely divided platinum. 

Regardless of the materials burned to form sulfur dioxide 
for use in either process, dust and other impurities must be 
removed to a certain extent if acid of good quality is to be 
produced. If platinum catalysts are to be used, this purifica- 
tion must be especially efficient, as platinum readily loses its 
catalytic properties in the presence of minute traces of many 
impurities. Vanadium catalysts and the oxides of nitrogen 
lack this extreme sensitivity. 

170. The contact process. After purification, the sulfur 
dioxide gas is heated and forced into thorough contact with 
the catalyst (Fig. 146). The temperature must be at least 
400° C., in order that conversion of sulfur dioxide to sulfur 
trioxide may take place rapidly and with a minimum amount 
of catalyst. On the other hand, the temperature of the gases 
when they leave the catalyst must not be much above 450° C., 
for, at that temperature, an appreciable amount of the sulfur 
trioxide decomposes. The next step in the procedure is to 
cool the gases (Fig. 147). 

While it is true that sulfur trioxide is the anhydride of sul- 
furic acid, in actual commercial practice the spray of minute 
drops of sulfur trioxide that is formed does not dissolve very 
well in water, so it is passed into concentrated sulfuric acid 
in which it does easily dissolve. This forms what is known as 
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fuming sulfuric acid, which may be represented by the formula 
H 2 (SO.i) 'SOs- The addition of water converts this to con- 
centrated sulfuric acid, the exact concentration being deter- 
mined by the amount of water added. The following equations 
illustrate the chemical steps involved in making sulfuric acid 
by the contact process: 

(1) 2 SO2 -f- O2 2 SO3 

(2) H 2 (S 04 )-f S03-^>H2(S04)*S03 

(3) H2(S04)-S03-f H20-^2H2(S04) 



Fig. 146. Sulfur is first melted and then burned to sulfur dioxide. 
The sulfur dioxide then passes to the coolers which lower its tem- 
perature. Sulfur dioxide is changed to sulfur trioxide in the con- 
verters containing the catalyst. From the converters, the sulfur tri- 
oxide passes into a cooling tower and then into the absorbing towers. 

171. The lead chamber process. This term is applied to 
those processes for manufacturing sulfuric acid in which oxides 
of nitrogen are used as the catalyst (Fig. 148). The reactions 
are usually carried out in huge lead chambers for which the 
process was named, but today towers of acid-resisting brick 
are occasionally substituted. The reactions take place effi- 
ciently only in the presence of an excess of water, which means 
that the acid will be relatively dilute, usually of a 60-70 per- 
cent concentration. 

The reactions involved are very complicated and not so well 
understood as in the contact process, but they may be con- 
densed and illustrated for our purposes as follows: 
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(1) 2N0 + 02-^2NG2 

2 SO 2 -f- 2 H 2 O — » 2 Ho(S03) 

(3) 2H2(S03) +2N02-^2H2(S04) +2NO 

The oxidation of nitric oxide in the first equation takes place 
spontaneously, no special equipment being required for this 


Courteay Monsanto Chemical Company 


Fig. 147. Contact process for making sulfuric acid. Molten sulfur is 
burned to sulfur dioxide in the furnace at the left. The sulfur dioxide 
is then passed through a filter to clean it from impurities (top center), 
after which it goes to the converter containing the catalyst, immedi- 
ately below, and from there to a second converter at the right where 
the conversion from sulfur dioxide to sulfur trioxide is completed. 


operation. It should be noted that in the third equation, 
nitric oxide is again set free. This fact makes the production 
of sulfuric acid by the chamber process commercially feasible, 
since the oxides of nitrogen may be used over and over again. 
However, small 'losses do occur constantly, because after they 
are set free, these oxides of nitrogen cannot be recovered for 
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use again with 100 percent efficiency. These losses constitute 
an appreciable item in the cost of manufacture by this process. 

In recent years the contact process, particularly in those 
cases where the vanadium catalyst is used, has been gradually 
replacing the chamber process. The reason for this transition 
lies in its ability to make acid of good quality as cheaply as 
the chamber process and at the same time to produce it in a 



Courtesy “Cliemieal & Metallur^cal Engineering” 


Fig, 148. The lead chamber process for making sulfuric acid. The 
main object of the Glover tower is to mix oxides of nitrogen with 
the gases that issue from the burner. The purpose of the Gay- 
Lussac towers is to recover these oxides of nitrogen after they have 
served their purpose as catalysts, so that they can be used over 

again.' 

highly concentrated form, thus reducing transportation costs. 
Furthermore, the requirements of modern chemical industry 
are developing a constantly increasing demand for the highly 
concentrated forms of acids. 

There will probably always be a place for the chamber pro- 
cess, however, because of its ability to utilize the “dirty” sulfur 
dioxide gases obtained from the burning of low-cost sulfide 
ores. Dirty gases are the cause of serious damage to the equip- 
ment of contact plants, hence these gases are carefully cleaned 
before attempted conversion, but in chamber plants they do 
no serious damage. Chamber plants are more economical 
when the production of contaminated acid of low concentra- 
tion is not objectionable. 
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172. Physical properties of sulfuric acid. Sulfuric acid, 
when pure, is a heavy, oily, colorless liquid. It is sometimes 
referred to as oil of vitriol. The concentrated acid usually 
found in the laboratory has a density of 1.84, contains about 
98 percent £[ 2 ( 804 ), and boils at 338° C. It is a very effective 
dehydrating agent, which means that it will remove water 
from substances in which water is present. So marked is the 
capacity of this acid for abstracting water that it will remove 
hydrogen and oxygen, in the proportion needed to form water, 
from carbohydrates, leaving the carbon. This explains why a 
black residue remains when cane sugar, C 12 H 22 O 11 , has been 
treated with concentrated sulfuric acid This dehydrating 
capacity of sulfuric acid is utilized wherever possible in chemi- 
cal reactions when it is essential that the water be removed. 
For example, in the manufacture of nitroglycerin by the reac- 
tion of nitric acid and glycerin, water is one of the products of 
the reaction: 

CsH 5(OH)3 -f 3 HfNOs) CsHsfNOals + 3 HOH 

The water is removed by concentrated sulfuric acid, thereby 
permitting the reaction to go to completion. Gases which have 
been collected by the displacement of water may be dried by 
bubbling them through concentrated sulfuric acid, provided 
that they will not react with it. When sulfuric acid is added 
to water, a great deal of heat is evolved, due to the formation 
of a series of hydrates by its chemical union with water. 

173. Ghemical properties o£ sulfuric acid. Sulfuric acid 
in dilute solution tastes sour, turns blue litmus red, neutralizes 
bases, and has the properties that characterize strong acids. 
It will be recalled that the dilute acid acts with metals above 
hydrogen in the activity series to liberate hydrogen and to form 
the sulfate of the metal. 

The concentrated acid behaves differently with metals. Since 
it contains more than sixty-five percent of oxygen, and de- 
composes when heated to give up some of that oxygen, it is a 
vigorous oxidizing agent and converts the metal to its oxide. 
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The oxide then reacts with additional sulfuric acid to form 
the sulfate, as follows; 

Cu + H2(S04) CuO -f H2O -f SO? t 
CuO -j- 112(804) Cu(S04) -f- H2O 

If we cancel out the copper oxide, which is common to both 
sides of the equations, we may express the reaction in one 
complete statement: 

Cu -{- 2 HaCSOi) Cu(S04) + 2 H2O -f SO2 1 

The hot concentrated acid will, for the same reasons, oxidize 
sulfur and carbon: 

2 HafSOi) + S 3 SO 2 1 + 2 H 2 O 
2 £[2(804) -f- C — > 2 SO2 -f- 2 H2O -j- CO2 1" 

Because of its high boiling point, sulfuric acid is utilized in 
the preparation of other acids whose boiling points are lower. 



Courtesy General Chemical Company 

Fig. 149. The first acid tank car in 1873. Contrast this 
photograph with the one shown in Figure 150. 

Thus, in the preparation of hydrochloric acid, the following re- 
daction tahes •place:; , dd ■ 

2 NaCl -f- H2(804) 2 HCl f + Na 2 (S 04 ) 
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The hydrogen chloride, having a much lower boiling point, 
volatilizes over with gentle heat, the other substances mean- 
while remaining in the generator. The reaction in the prepa- 
ration of other acids is similar. 

174. Uses of sulfuric acid. Enumerating the uses of sul- 
furic acid would be similar to making a roll call of nearly all 
chemical industries, since most of them use it. One very im- 
portant use is in the manufacture of calcium acid phosphate, a 
fertilizer. Large quantities of insoluble calcium phosphate 
rock are chemically changed to the soluble calcium acid phos- 
phate by means of sulfuric acid: 

Ca;s{P04)2 + 2 H2(S04) -» Ca(H.aP04)2 -f 2 Ca(S 04 ) 

Insolubie Soluble 

The second largest use for sulfuric acid is in the refining of 
petroleum. Its acid and dehydrating properties make it pos- 
sible to remove certain materials from the petroleum which, if 
allowed to remain, would produce offensive odors and corro- 
sive products in the process of burning. The “heavy chemi- 
cal” industry requires large quantities of sulfuric acid, notably 
for the preparation of sulfates, and other acids such as hydro- 
chloric and nitric acid. The coating of tin or zinc which is 
put on galvanized metals for the purpose of resisting corrosion 
would not remain very long if these metals were not first 
“pickled” in a bath of sulfuric acid. Pickling removes the film 
or coating of oxide on these metals which would prevent the 
galvanizing from being effective: 

FeO -f- H 2 (S 04 ) Fe(S 04 ) -h H^O 

Because sulfuric acid is a good electrolyte, it is used in stor- 
age batteries, in electroplating, and in the refining of metals. 
The manufacture of explosives, paints, glues, dyes, and textiles 
also utilizes sulfuric acid. Uses in other industries could be 
mentioned, but enough have been indicated to give some idea 
as to why sulfuric acid has been referred to as the “vital fluid 
of the nation’s business” and why it is the most important 
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compound of sulfur. The estimated consumption in tons of 
sulfuric acid, listed by industries, for the years 1935 and 1936 
is shown in the following table. 


Consuming Industries ^ 

1936 

1939 

Fertilizer 

1,970,000 

2,100,000 

Petroleum refining 

1,100,000 

1,210,000 

Chemicals 

985,000 

975,000 

Goal products 

770,000 

740,000 

Iron and steel 

700,000 

980,000 

Other metallurgical 

........ 600,000 

570,000 

Paints and pigments 

450,000 

500,000 

Explosives . 

220,000 

190,000 

Rayon and cellulose film 

337,000 

400,000 

Textiles 

........ 108,000 

116,000 

Miscellaneous 

380,000 

400,000 


7,620,000 

8,181,000 

175. Salts of sulfuric acid. 

Salts of sulfuric 

acid are 


called sulfates. Some common methods for their formation are 
by the action of sulfuric acid with (1) a metal, (2) an oxide of 
a metal, (3) a base, and (4) a salt: 

(1) Zn + H 2 (S 04 ) -^Zn(S 04 ) +H 2 t 

(2) ZnO + H2(S04) Zn(S04) + H2O 

(3) 2 Na(OH) + H2(S04) Na2(S04) + 2 H2O 

(4) CaCCOa) + H2(S04) Ca(S04) + H2O + CO2 1 

Some important sulfates with their formulas, common 
names, and uses are given in the table on page 302. 

176. Normal and acid salts. We have seen that sulfuric 
acid neutralizes bases to form salts called sulfates. Two sul- 
fate salts are known: (1) the acid sulfate, and (2) the normal 
sulfate, whose formations may be shown as follows: 

(1) HafSO*) -f Na(N03)->Na(HS04) -fHCNOs) 

(2) HafSOi) -H 2 NafNOg) Na2(S04) -i- 2 HfNOs) 

1 From Chemical & Metallurgical Biigiweering, Reprinted by permission of the pub- 
lishers. 
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' ' ' 'Chemical, 

■ Nam.e 

Formula ■ 

Common 

Name 

Uses 

' ■ Caicm.111 
, 'sulfate 

Ca(SO^)-2 H^O 

Gypsum 

Plaster of Paris, paint pig- 
ment, fertilizers 

Barium 
su'ifate , 

Ba(SO^) 

Barite 

Paint pigment, filler , for 
paper 

Magnesium 

sulfate 

Mg(SO^)-7 H^O 

Epsom 

salts 

Medicine, dyeing industry, 
tanning, manufacture of 
paints and soaps 

■ Zinc ' ■ 

sulfate 

Zn(SO^P -7 H,0 

White 

vitriol 

Medicine, dyeing and print- 
ing of cloth, electroplating 
zinc 

Ferrous 

sulfate 

Fe(SO^) -7 up 

Green 

vitriol 

Making ink, dyeing indus- 
try, photography, making 
iron salts 

Copper 

sulfate 

Cu(SOp-S H^O 

Blue 

vitriol 

Copper plating, mordant, de- 
odorizing water, making 
insecticides and fungicides 


Sodium bisulfate, Na(HS 04 ), is known as an acid salt not be- 
cause it gives an acid reaction in solution, but because it con- 
tains hydrogen as a part of its composition. Such salts may 
form hydrogen ions in solution as well as the ions of the salt, 
but whether they give an acid or basic reaction with litmus 
depends upon what the products of hydrolysis are. 

177. Double salts of sulfuric acid. Another group of 
sulfates includes several compounds called alwms (Fig. 151). 
Common alum which is used as an astringent is an example. 
It is prepared by mixing potassium sulfate and aluminum sul- 
fate in formula parts by weight in water, followed by crystal- 
lization. These two compounds combine as shown by the fol- 
lowing equation: 
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K2(S04) + Al2(S04)s + 24H20-» 2 KAI(S 04)2 -12 H 2 O 

This compound is a t 3 T>ical representative of the alums, which 
resemble each other in crystalline form, solubility, and com- 
position. All alums contain a univalent metal (having a 
valence of positive 1), such as K, Na, or (NH 4 ), and a triva- 
lent metal (having a valence of positive 3), such as AI, Cr, 



Uoui’tcsy l»r. t\ A. ii.ouiiuaii 


Fig. 151. Large chrome alum crystals. The larger crystal at the 
left measured five inches diagonally and had attained a weight of 
700 grams during a sixteen months* period of growth. The smaller 
crystal had attained a weight of 500 grams during a twelve months* 
period of growth. 

and Fe, combined with two sulfate groups and twelve mole- 
cules of water of hydration. The general formula for an 
alum may therefore be written M+M+++(S04)2* 12 HoO, and 
they may be looked upon as double salts, that is, compounds 
composed of two metals and only one acid radical. 

Various alums find applications in preparing fabrics for dye- 
ing, in water purification, and in the tanning of leather. 

178. How to test for sulfate ions. The addition of ba- 
rium chloride solution to a soluble sulfate causes the formation 
of a white precipitate of barium sulfate as follows: 

Ba++, 2 Cl- -t- 2 Na+, (SO4 ) — -h. BafSOi) I -k 2(Na+, C1-) 
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The formation of a white precipitate does not always prove the 
presence of a sulfate, however, and it is therefore necessary to 
apply a confirmatory test. In this case, hydrochloric acid is 
added. If the precipitate is barium sulfate, it will not dis- 



Courtesy Tlie Chemical Foundation Incorporated 


Fig. 152, Sulfur and some of its important products. 

solve; if it is another salt of bariunij it will dissolve. The 
presence of sulfate ions, then, is proved by the addition of 
barium chloride solution to a solution of the unknov/n with 
the consequent formation of a white precipitate which is in- 
soluble in hydrochloric acid. 


Problem Summary Exercises that Everyone Should Do 

L "What two methods are used for the manufacture of sulfuric 
acid? 

2. In what respects are these methods the same? How do they 
differ? 
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3« To what treatment must the sulfur dioxide be subjected be- 
fore being converted into sulfur trioxide? Why? 

4. Why must the temperature in the contact process be con- 
trolled? 

5. Since sulfur trioxide is the anhydride of sulfuric acid, why Is 
it not directly dissolved in water? 

6. How does the behavior of nitrogen dioxide and nitric oxide 
make the lead chamber process practicable from the standpoint of 
cost of operation? 

7. Since the contact process is more modern, why are not the 
lead chamber plants discarded? 

8. What are the physical properties of sulfuric acid? 

9. What are its chemical properties? 

10. How does the behavior of hot concentrated sulfuric acid with 
metals differ from that of the dilute acid? 

11. How do we make practical use of our knowledge that sulfuric 
acid is a dehydrating agent? 

12. What are some important uses of sulfuric acid? 

13. Suggest some reasons for describing sulfuric acid as “the king 
of chemicals.^' 

14. What are the names, formulas, and uses of some important 
sulfates? 

15. Discuss the following topics pertaining to alums: (a) general 
formula for composition; (b) crystal form; (c) preparation of com- 
mon alum; (d) uses. 

16. Tell how one can test a solution of an unknown substance 
for the presence of sulfate ions. 


III. OPTIONAL MATERIAL FOR THE UNIT 

ADDITIONAL PROBLEM SUMMARY EXERCISES 

1. What reasons could be offered in support of the statement 
that the different varieties of sulfur are allotropic forms? 

2, What factors were involved in making the United States the 
largest producer of sulfur in the world? 
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3.,, Since the usual temperature of boiling water is lOO"" C., how 
is' a temperature of 170'' attained in the Frasch process? 

4. How would you proceed to prove that a substance was pure 
sulfur? 

5. How can we explain the formation of films of sulfur on top of 
the water around the edge of. sulfur springs? 

6. Why are the walls of a chemical laboratory which have been 

painted with a white lead paint likely to darken in a relatively short 
time? . ■ ■ ■ 

7. Using silver nitrate, copper sulfate, lead acetate, and cad- 
mium nitrate, write equations showing the formation of the corre- 
sponding sulfides. 

8. Why cannot the sulfides of sodium, potassium, calcium, and 
magnesium be precipitated? 

9. Describe at least four properties of sulfur dioxide that make 
it desirable for use as a household refrigerant. 

10. Write the equation for the formation of calcium bisulfite from 
calcium hydroxide and sulfur dioxide; from calcium carbonate, 
water, and sulfur dioxide. 

11. Why are the substances which have been bleached with sul- 
fur dioxide frequently washed with a dilute solution of a base? 

12. Why is there a decided tendency for manufacturers of sul- 
furic acid to obtain their sulfur dioxide from the burning of sulfur 
rather than from the burning of pyrites or other sulfides? 

13. Write equations for the formation of sulfuric acid by the con- 
tact method. 

14. Contrast the advantage and disadvantage of using platinum 
as a catalyst in the preparation of sulfuric acid, in preference to 
some other catalyst. 

15. Write equations contrasting the behavior of metals with con- 
centrated sulfuric acid and with the dilute acid. Do not duplicate 
any equations which have already been given in this unit. 

16. Following directions given in Exercise 15, write equations for 
the formation of four sulfates and two sulfites. 

17. Write equations illustrating the formation of three other acids 
by the use of sulfuric acid, 

18. Give the chemical explanation of what happens when a metal 
is pickled in sulfuric acid preparatory to being galvanized. 
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EXERCISES IN CHEMICAL ARITHMETIC 

■1. How many pounds of sulfur' could he obtained from 216 
pounds of 2 inc sulfide ore which was only 83% pure? 

• 2. How many pounds of sulfuric acid could be made from 200 
pounds of sulfur? 

3. What volume of sulfur- dioxide would be obtained by burning 
6 kilograms of sulfur which was 87% pure? ' 

4. What volume of sulfur dioxide would be needed to prepare 
125 kilograms of sulfuric acid? 

5. , What volume of sulfur vapor would be formed' by the decom- 
position of 630 g. of mercuric sulfide, if we assume that there are 
eight atoms to the molecule of sulfur vapor? 

6'. In an experiment, 12 g. of zinc sulfide' were precipitated. 
What weight of hydrogen sulfide reacted with the zinc sulfate? 

7. ' What volume would the hydrogen sulfide in Exercise '6 occupy 
under standard conditions? 

8. Determine the vapor density, molecular weight, and weight of 
630 cc. of sulfur dioxide, if one liter weighs 2.93 g. 

9. If a certain' solution contains 64 g, of anhydrous ' barium 
chloride, how much barium sulfate will be formed, provided sufficient 
sulfuric acid is added? 

10. What volume of air would be needed to convert 500 liters of 
sulfur dioxide into sulfur trioxide? 

'' topics :'F0R' INVESTIGATION' AND , REPORTS. , 

1. Chemical Control of Damage Wrought by Insects and Fungus 
Growths 

2. Methods of Recovering Sulfur in Other Countries 

3. Growth and Development of American-Owned Rubber Plan- 
tations"' . 

4. Improvement of Methods for Making Rubber More Durable 

5. How Rubber Is Manufactured into Tires 

6. Review of Efforts to Produce Synthetic Rubber 

7. Efforts to Find a Substitute for Hydrogen Sulfide In Analysis 

8. The Preservation of Foods 

9. The Use of Bleaching Agents in Industry 
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10. Use of Catalysis in Industry 

11. Uses of Salts of Sulfuric Acid 

12. Tiie Growtli and Development of the Sulfuric Acid Industry 

13. The Physiological Effects of Hydrogen Sulfide 

14. History of Herman Frasch’s Efforts to Perfect a Method for 
Obtaining Sulfur 

■15. The Story of Charles Goodyear 

IV. UNIT RECITATION AND TEST 

TOPICS FOR ORAL OR WRITTEN RECITATION 

1. The Occurrence of Sulfur 

2. How Sulfur Is Obtained 

3. Physical Properties of Sulfur 

4. Chemical Properties of Sulfur 

5. The Uses of Sulfur 

6. Sulfur and the Rubber Industry 

7. Synthetic Rubber 

8. The Occurrence of Hydrogen Sulfide 

9. How Hydrogen Sulfide Is Prepared 

10. Physical Properties of Hydrogen Sulfide 
IL Chemical Properties of Hydrogen Sulfide 

12. How Hydrogen Sulfide Is Used 

13. Where Sulfur Dioxide Is Found 

14. How Sulfur Dioxide Is Prepared 

15. Physical Properties of Sulfur Dioxide 

16. Chemical Properties of Sulfur Dioxide 

17. The Uses of Sulfur Dioxide 

18. The Uses of Sulfuric Acid 

19. How Sulfuric Acid Is Made 

20. Physical Properties of Sulfuric Acid 
2L. Chemical Properties of Sulfuric Acid 

22. Salts of Sulfuric Acid 

23. How to Test for Sulfides, Sulfites, and Sulfates 



UNIT SEVEN 



THE HALOGENS AND THE 
PERIODIC CLASSIFICATION 


I, THE UNIT ASSIGNMENT 

Defining the unit. The discovery of chlorine, in 1774, by 
Karl Wilhelm Scheele is said to be one of his greatest achieve- 
ments. It occurred at a time when the textile industry in 
England was developing very rapidly. There was great need 
for a bleaching agent which would adequately keep pace with 
the large increase in the amount of cloth which was being man- 
ufactured. Chlorine eventually solved the problem. The 
fundamental importance of the discovery of chlorine can be 
judged by the fact that a large proportion of the total amount 
manufactured at the present time is used for bleaching. 

It has been said of chlorine that it is an element which is 
seldom seen but often used. The truth of this statement can 
be shown by the fact that nearly three-quarters of the people 
on the North American continent drink water which has been 
treated with chlorine. More than three thousand city water- 
works in the United States are using chlorine for sterilization. 
Some of the worst epidemics of typhoid fever have been traced 
to water which had not been chlorinated. 

Chlorine has been associated with warfare. But in one of 
its combined forms, called Dakin-Carrell solution, chlorine pro- 
motes healing and conserves life because of its effective anti- 
septic properties. Its practical applications show that far from 

309 
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being a destructive agency, chlorine also has uses which are 
both constructive and closely related to us. 

Chlorine belongs to a group of related elements called the 
halogens. The other members of the group are fluorine, 
bromine, and iodine, and they too have interesting uses. The 
word “halogen” means “salt-former,” and, as may be inferred 
from the name, all of these elements form salts. They have 
other characteristics, however, which enable us to group them 
together for the sake of convenience in study. Other elements, 
with properties common to each other, are similarly grouped 
for the same reason. Such groups of elements are frequently 
referred to as families, and this unit will therefore serve to 
introduce us to our first chemical family. 

In studying the various members of this family, we shall 
describe their distinguishing characteristics. This will enable 
us to understand the basis for their relationship, and just why 
it is that they are grouped together. We shall then be prepared 
for our analysis of the periodic classification of the elements— 
a device which has contributed greatly to our knowledge of 
practical and theoretical chemistry. 


UNIT PROBLEMS TO BE SOLVED 

PROBLEM 1: WHAT ARE THE CHARACTERISTICS OF 
CHLORINE? 

PROBLEM 2: WHAT IS THE ELECTRONIC EXPLANATION 
FOR OXIDATION AND REDUCTION? 

PROBLEM 3: HOW IS THE MOST IMPORTANT ACID OF 
CHLORINE MADE AND USED? 


PROBLEM 4: WHY ARE FLUORINE, CHLORINE, BRO- 
MINE, AND IODINE CALLED THE HALOGEN 
FAMILY? 

PROBLEM S; WHAT IS THE NATURE AND VALUE OF 
THE PERIODIC CLASSIFICATION? 
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11. ASSIMILATIVE MATERIAL FOR THE UNIT 

PROBLEM 1: WHAT ARE THE CHARACTERISTICS 
OF CHLORINE? 

Problem Assignment. “Dephlogisticated muriatic 
acid” was the name with which Karl Wilhelm Scheele chris- 
tened the fumes produced when he mixed black manganese 
dioxide with hydrochloric acid. It was not until thirty -six 
years later, however, that Sir Humphry Davy established 
the fact that Scheele’s gas was an element and named it 
chlorine, which means “greenish-yellow.” From the very 
first, chlorine attracted a good deal of attention. This 
problem will give us an excellent opportunity to learn the 
characteristics of chlorine and to learn just how these are 
utilized in the service of man. 

179. How chlorine is prepared. Because of its chemical 
activity, chlorine occurs only in combination. The usual lab- 
oratory method for preparing chlorine is the same as that 
which Scheele used. When concentrated hydrochloric acid 
and manganese dioxide are mixed and gently heated, chlorine 
is evolved (Fig. 153). Water and manganic chloride are 
formed, but since manganic chloride is unstable at ordinary 
temperatures, it breaks down into manganous chloride and free 
chlorine, as shown in the equations which follow: 

(1) Mn02-|-4HC1->2H20-+-Mna4 

(2) MnCL MnCla -1- CI2 1 

It will be observed that the hydrogen of the hydrochloric acid 
has been oxidized to water by the oxygen of the manganese 
dioxide. Other oxidizing agents such as potassium perman- 
ganate, lead dioxide, or sodium dichromate behave similarly 
with hydrochloric acid. The reason for calling this method 
the oxidation of hydrochloric acid will therefore be under- 
stood. 

It is frequently the practice to obtain the hydrochloric acid 
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by the reaction between sulfuric acid and sodium chloride. 
If manganese dioxide is also present, it will oxidize the hydro- 
chloric acid as it is formed, and chlorine will be liberated. 
The following equations show the changes which take place: 

(1) 2Naa-f H2(S04)-»Na2(S04)-f 2HC1 

(2) MnOs-f 4HCl-»MnCl2 -|-2H20-l-Cl2t 

(3) MnCk-f HaiSOi) -5 -Mii(S 04) -j- 2 HCl 



Fig. 153. Preparatioti and collection of chlorine. 


We may cancel those substances appearing on both sides of 
the arrows, and the complete reaction may be summarized by 
a single equation, as follows: 

(4) 2 NaCl + 2 H2(S04) + MnOg 

Na 2 (S 04 ) -f Mn(S04) + 2 HaO + CI 2 1 

While the methods which have just been described are suit- 
able and convenient for the laboratory, most of the world’s 
commercial supply of chlorine is prepared by the electrolysis 
of a solution of sodium chloride. When a current of electricity 
is passed through such a solution, the following change takes 
;plaGe:^;;-'^'v : 

2 NaCl -f- 2 HaO Ha t + Oa t + 2 Na(OH) 
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Since sodium hydroxide is a very important industrial com- 
pound, it constitutes a valuable by-product. The hydrogen is 
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Fig, 154. Vorce chlorine cell. 


also collected and utilized. The process would appear to be 
very simple, if one judges only by the equation, but in actual 
practice it is much more complicated because all products 
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of the reaction must be kept apart lest they react with each 
other. Figure 1 54 illustrates the Vorce cell for the electrolytic 
manufacture of chlorine. Figure 155 illustrates its commercial 
use. 

180. Physical properties of chlorine. Chlorine is a green- 
ish-yellow gas, with an extremely disagreeable characteristic 
odor. Breathed in any large quantity, it produces a marked 



Courtesy Dr. h. D. Vorce 


Fig, 155. The commerciai preparation of chlorine. A battery of 
Vorce ceils in operation. 

irritation of the membranes lining the respiratory passages, 
resulting in coughing, inflammation with oozing of blood, and 
in extreme cases, suffocation and death. It is about two and 
a half times as heavy as air and is moderately soluble in water. 
The solution is known as chlorine water. Chlorine may be 
liquefied by subjecting it to a temperature of —34.6° C. 

It is also easily liquefied by pressure, and for commercial 
purposes it is shipped in this condition, either in steel cylinders 
or large tanks, since the anhydrous liquid chlorine does not 
attack metals (Fig. 156). In spite of the fact that chlorine 
may produce serious, if not fatal, effects when breathed, it is 
interesting to note that large quantities are transported with 
almost complete absence of accident. An idea of the size of 
the chlorine industry is revealed by the fact that in one month 
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of a recent year the investment in the United States in con- 
tainers and tank cars for the shipment of liquid chlorine totaled 
more than $5,000,000. 

181. Chemical properties of chlorine. {1) Behavior with 
hydrogen. Chlorine unites with most of the elements to form 
the corresponding chlorides. A mixture of hydrogen and 
chlorine, when kept in the dark, will not react at ordinary 
temperatures. In diffused light they will react slowly, but 



Courtesy Monsanto Chemical Company 


Fig. 156. Tanks of liquid chlorine. 

when exposed to sunlight, these elements will unite with ex- 
plosive violence to form hydrogen chloride: 

Ha -f- CI 2 2 HCl t 

Not only will chlorine unite with free hydrogen, but it will 
withdraw hydrogen from its compounds. An easy way to 
demonstrate this behavior is to lower a small lighted candle 
into a container filled with chlorine. Candles are composed, 
in part, of combined hydrogen and carbon. The chlorine 
unites with the hydrogen, leaving a residue of carbon which is 
evidenced by the smokiness of the flame. In similar fashion, 
turpentine, CioHie, and illuminating gas, which consists largely 
of methane, CH 4 , will burn in chlorine with a very smoky flame 
for the same reason as that given for the candle: 

(1) CH4-f 2Cl2-^4HCl-fC 

(2) CioHi6-h8Cl2-»16HCl + IOC 
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(2) Behavior with metals. The reactions of such metals 
as antimony, copper, and sodium with chlorine are interesting 
because they illustrate combustion without oxygen. A little 
powdered antimony sprinkled into some chlorine will imme- 
diately become incandescent. Very thin sheets of hot copper 
will burn under similar circumstances. The same is true of 
sodium. Many other metals unite with chlorine, but not all 
of them unite so vigorously as those which have been men- 
tioned. The products are chlorides in each instance. It is 
interesting to point out that experiments prove that metals 
will not unite with chlorine if both the gas and the metal are 
dry. The introduction of a trace of water is sufficient to allow 
the reaction to occur. The water serves as a catalyst. The 
following equations illustrate the behavior of chlorine with 
metals: 

Metal -)- Chlorine — > Chloride 


(1) 

2Sb 

+ 

3CI2 


2 SbCls 

(2) 

Cu 

+ 

CI 2 


CuCl2 

(3) 

2Na 

+ 

CI 2 


2NaCl 


(3) Behavior with water. When chlorine is introduced into 
water, some of the chlorine reacts with the water and a mix- 
ture of hydrochloric and hypochlorous acids is slowly formed: 

CI 2 + H 2 O HCl -f HCIO 

The hypochlorous acid, being unstable, breaks down into hy- 
drochloric acid and nascent oxygen (Fig. 157): 

2HCIO-»2HCl-f Oa t 

These reactions give us the diemical explanation as to why 
chlorine is a good bleaching agent. We can easily demonstrate 
that dry chlorine will not bleach. It will bleach in the pres- 
ence of moisture. The oxygen released through the de- 
composition of the hypochlorous acid unites with the color- 
ing matter of the fabric and renders it colorless. It is also 
highly probable that the hypochlorous acid reacts directly with 
the oxidizable material in the cloth. The chlorine does not, of 
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Because con- 


oxysEN 


itself, bleach, but makes possible the ultimate release of the 
oxygen. So we see that bleaching with chlorine is an oxidation 
process. 

(4) Nascent condition. An element at the instant of its 
liberation is said to be in the nascent condition, 
siderable energy is evolved when 
some elements are liberated, they 
are much more active when nascent 
than at other times. This is said ' 

to explain why the oxygen released 
from h 3 rpochlorous acid is such a 
good oxidizing agent. 

182. Uses of chlorine. Chlo- 
rine has two outstanding uses: as 
a bleaching agent, and as a germi- 
cide. The pulp and paper industry 
and the textile industry use large 
quantities of chlorine for bleaching 
purposes. The former, it is esti- 
mated, consumes about sixty-five 
percent of all the chlorine manu- 
factured in the United States and 
Canada, while the latter uses about 
twenty-two percent. Ten percent 
is used in sanitation, and the re- 
maining three percent for other 
uses. 

(1) Use as a bleaching agent. 

A striking demonstration of bleach- 
ing is to suspend a deep red geranium or a moist piece of 
colored calico in a jar filled with chlorine (Fig. 158). Under 
such conditions their colors soon fade. It is necessary to point 
out that there are many substances which chlorine will not 
bleach. Carbon black is one of them. Chlorine is very effective 
in bleaching cotton goods, but cannot be used to bleach wool, 
silk, or other delicate fabrics because it would damage them. 



Fig* 157. Chiorine reacts 
slowly with water in the 
sunlight, combining with 
the hydrogen to form hy- 
drogen chloride and setting 
the oxygen free. 




Fig. 158.^ Bleaching with chlorine. The piece 
o£ cloth in the jar on the left was dry when put 
into the chlorine. The cloth in the jar on the 
right was wet when put into the chlorine. 

The sale of liquid chlorine for this purpose is increasing. 
Bleaching powder is made by passing chlorine over calcium 
hydroxide (Fig. 159): 

( 1 ) Ca ( OH ), + CI 2 -> CaOCl.j + n.,0 
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Bleaching may be brought about either by the use of a water 
solution of liquid chlorine, or by the use of bleaching powder. 


THE HALOGENS AND THE PERIODIC CLASSIFICATION 319 


When the bleaching powder, sometimes called chloride of lime 
or chlorinated lime, is treated with an acid, hypochlorous acid 
is one of the products : 


(2) CaOCla + HafSOi) Ca(S 04 ) + H 2 O + CI 2 f 

(3) Cla-f-HaO-^HCl + HClO 

(4) 2 HCIO 2 HCl + O 2 1 


The hypochlorous acid decomposes, and the nascent oxygen 


oxidizes the colored material 
and bleaches it. After the 
cloth has been immersed in 
the bleaching solution, the 
next step is to pass the ma- 
terial through a solution of 
some substance, like sodium 
sulfite or sodium thiosulfate, 
to remove any excess of hy- 
pochlorous acid or chlorine, 
which, if allowed to remain, 
would damage the fabric 
(Fig. 160). A substance 
which behaves in this way 



Fig. 159.. Chlorine entering the 
tank at A comes in contact with 
calcium hydroxide and unites with 
it to form CaOCls. This com^ 
pound when dried is known as 
bleaching powder. Any excess 
chlorine leaves the tank at B and 
enters a succeeding tank C just 
like the first, where the process is 
repeated. 


is called an antichlor. Finally, the material is thoroughly 
washed and then dried. The following equation shows how 


sodium sulfite acts as an antichlor: 


NaafSOs) -f- CI 2 -f H 2 O Na 2 (S 04 ) -f 2 HCl 


(2) Use as a germicide. Attention has already been called 
to the practice of many cities of adding chlorine to their water 
supply. In a certain city there were 179 deaths caused by 
typhoid fever in one year. After adequate purification plants 
were installed and the water treated with chlorine (Fig. 161), 
the death rate from this disease was reduced to five, a decrease 
of 96 percent. This example, though extreme, is nevertheless 
typical of all cities which engage in the practice of adding 
chlorine to water. The quantity of chlorine needed to produce 
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such a result is less than one part per million parts of water, 
and the cost of such treatment is estimated at about one cent 
per capita per year (Fig, 162). 

Not only is chlorine added to the drinking water supply, 
but also to sewage which is discharged into rivers and lakes. 
The waters of many swimming pools are treated with chlorine 
to safeguard the swimmers against acquiring water-borne dis- 
eases. Actual experiments show that chlorine a more effec- 
tive sterilizing agent in bottling plants than steam. The 
chlorine is added to the water used for rinsing. 

(3) Use in making chlorine compounds. Chlorine is a con- 
stituent of many compounds which are both common and use- 



ful. Chloroform, CHCI3, is a well-known anesthetic and sol- 
vent. Carbon tetrachloride, CCI4, is a good solvent for grease, 
and hence it finds application in the preparation of cleaning 
fluid. Since it is non-inflammable and does not support com- 
bustion, it is also used in certain types of fire extinguishers. 
Ethylene chloride, C2H4CI2, has assumed some industrial im- 
portance because it is used in the preparation of ethylene 
glycol, C2H4(0H)2, a substance which behaves very much lilfp 
glycerin, and is used in automobile radiators as an anti-freeze. 
Ethylene chloride is also used as a local anesthetic in minor 
surgery. Sulfur chloride, S2CI2, is a very good solvent for cer- 
tain substances, and has previously been mentioned in Section 
152 in connection with sulfur. One chlorine compound is of 
particular interest because of its antiseptic properties. It is 
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sodium hypocMoritej NaClO. In modified .form,,' a dilute' solu- 
tion of this is known as Dakin^s Solution. Tt achieved con- 
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Fig. 162. How chlorine enters the water main 
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( 4 ) Chlorine in warfare. The first gas used on an extensive 
scale in modern warfare was chlorine (Fig. 163 ), but its use 
was superseded by other gases, each of which was designed for 
a particular purpose. Chlorine is essential to the manufacture 
of most of these gases, as we shall see by an inspection of 
their formulas. One of these gases, di-chlor-ethyl-sulfide, 
(C2H4CI)2S, commonly called “mustard gas,” is highly irritat- 


ing to the skin and produces extreme discomfort. It is tech- 
nically known as a vesicant. A vesicant is a substance which 
inflames and blisters the skin. Another gas, di-phenyl-chlor- 
arsine, or “sneeze gas,” (CeH5)2AsCl, causes excessive sneez- 
ing. It is a sternutator, a word which means anything that 
causes sneezing. Chlor-picrin, CCI3NO2, is also called “tear 
gas. It is a. lachrymator, a term used for any substance 
which produces tears. This particular gas also causes vomit- 


^ the halogens and the periodic classification 323 

mg. Tear gases are known to those who read about modern 
pohce methods (Fig. 164 ). Their use is becoming genLl. 



1. Below: A pho» 
gas attack during 


One of the most deadly poisonous war gases employed was 
phosgene, COCL, a compound of chlorine and carbon monoxide. 







Liuuittsy Minneapolis Foiice Department 

Fig, 164. Armored police car firing tear gas shells in order to dis- 
perse a mob. 

chlorine hastens nature’s aging process by means of which 
the flour acquires more desirable properties for baking pur- 
poses. 
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(5) Other uses of chlorine. Chlorine is used in the refining 
of certain metals, such as the separation of gold or silver from 
other metals, and for the separation of cobalt from nickel. The 
recovery of tin from waste tin cans and other sources also 
involves the use of chlorine. In the flour milling industry, 


Problem Summary Exercises that Everyone Should Do 

1. Where and under what conditions is chlorine found? 

2. How is chlorine prepared commercially? In the laboratory? 

3. What are the physical properties of chlorine? 

4. What are the chemical properties of chlorine with respect to 
its behavior with metals? With hydrogen? With water? 
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5. What is the chemical explanation as to how chlorine bleaches? 

6. Name some important compounds of chlorine described in 
this problem and mention their uses. 

7. Name and give the formulas of four compounds of chlorine 
used in chemical warfare, and describe the effect of each. ' 

8. What is meant by ^^nascent” condition? 

9. What is Dakin’s Solution and for what is it used? 

10. In what ways is chlorine used to protect the health of a com- 
munity? ; 


PROBLEM' 2: WHAT IS THE ELECTRONIC EXPLANATION 
FOR OXIDATION AND REDUCTION? 


Problem Assignment* After having learned that oxy- 
gen is necessary for all ordinary forms of combustion, you 
may have been surprised to learn that certain substances 
will burn in an atmosphere of chlorine. Adding to the sur- 
prise is the statement that such reactions are also classified 
as oxidation. If this statement is correct, then we must 
come to the conclusion that oxygen is not necessary to all 
forms of oxidation. The purpose of this problem is to rec- 
oncile these apparently conflicting ideas and to acquire an 
understanding of oxidation and reduction in terms of which 
the modern chemist thinks of them. 



183. What happens when oxidation takes placeL In 
Unit One oxidation was defined as a process in which a sub- 
stance unites with oxygen (Sec. 30), The statement was also 
made that a substance which gives up its oxygen is said to be 
reduced. These definitions have served their purpose and we 
are now ready to consider a much broader application of these 
terms. 

Let us analyze some typical examples of oxidation and ob- 
serve just what takes place when magnesium and carbon unite 
with oxygen: 

( 1 ) 2 Mg^ + 0^ 2 Mg+'FO — 

(2) C++++0;”'” 
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The first equation shows that the valence of uncombined mag- 
nesium is zero but when it undergoes oxidation, its valence is 
increased to positive two. In the second equation the uncom- 
bined carbon likewise has a zero valence but when it is com- 
pletely oxidized, its valence is increased to positive four. 
These two equations illustrate just how ordinary cases of oxi- 
dation are accompanied by an increase in positive valence. 

184. What happens when reduction takes place. We 
may now take into consideration just what happens when cop- 
per oxide and hydrogen react: 

(3) Cu++0 — -f H® Cu“ + H+0 — 

In this instance, the copper oxide has been reduced and the 
copper has undergone a decrease in valence from positive two 
to zero. This illustration is typical of the decrease in valence 
that always occurs when oxygen is taken from a compound. 

Thus far we have considered ordinary cases of oxidation 
and reduction and have shown that a substance which is oxi- 
dized undergoes an increase in valence, and a substance which 
is reduced undergoes a decrease in valence. 

Now let us consider some reactions in which the element 
oxygen is not involved; 

(4) Cu® +Clf-»Cu++Clj- 

In this reaction, the valence of the copper increases from zero 
to positive two. Chemists have long been accustomed to con- 
sider all cases in which there is an increase in valence, as oxi- 
dation. On this basis, the uniting of copper with chlorine is 
just as truly oxidation as is the case in which the carbon, or 
magnesium unites with oxygen. 

In analyzing the following reaction: 

(5) 2 Fe+++-Cl 3 - -f- H| 2 Fe++Cl- + 2 H+Cl- 

we notice that the iron undergoes a decrease in valence from 
positive three to two. No oxygen was involved in this reaction 
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but by custom, chemists think of all cases in which there is a 
decrease in valence, as reduction. We may summarize the dis- 
cussion up to this point by saying that (a) oxidation is an in- 
crease in valence, (b) reduction is a decrease in valence. 

185. Oxidation and reduction in terms of electrons. In 
terms of the electron theory we learned that an increase in 
valence is due to loss of electrons. Oxidation must therefore 
be a process in which a substance loses electrons. Likewise, a 
decrease in valence is due to a gain in electrons. Reduction 
must therefore be a process in which a substance gains elec- 
trons. From now on we shall think of oxidation and reduction 
in terms of these definitions. 

Up to this point, we have illustrated our explanations of 
oxidation and reduction with conventional equations. It will 
undoubtedly help us to visualize just what happens with re- 
spect to loss and gain of electrons if we study a diagrammatic 
equation in terms of the structure of the atoms. 



Fig. 16S. The electronic explanation for the union of mag- 
nesium and oxygen to form magnesium oxide. 


Here we have represented the union of magnesium and oxygen. 
The magnesium atom and the oxygen atom are neutral before 
they unite. When they combine, the magnesium atom loses 
two electrons to the oxygen atom and is thereby oxidized. The 
oxygen atom gains two electrons and is the oxidizing agent. 
As a consequence of this transfer of electrons, the valence of 
each atom changes. Figure 166 will help you visualize what 
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happens to the valence of magnesium and oxygen when this 
exchange of electrons takes place. 

In terms of the electron theory, an increase in valence is due 
to a loss of electrons. This explanation will enable us here- 
after to think of oxidation and reduction as the loss and gain 
of electrons, respectively, with a consequent increase and de- 
crease in valence. 



You have undoubtedly observed that just as the increase in 
valence equals the decrease in valence, so the total number of 
electrons lost equals the total number of electrons gained 
during oxidation and reduction. These two ideas explain what 
is meant by the statement, “Oxidation always takes place at 
the expense of reduction.” In the reaction represented by the 
equation 

AS+++CI 7 -f- Cl« AS+++++C1- 

arsenic, with a valence of positive three, gives up two more 
electrons and its valence is thereby increased to positive five. 
Therefore, arsenic is the reducing agent and is oxidized. Each 
of the two neutral chlorine atoms gains one of these electrons 
and its valence is decreased to negative one. Chlorine is the 
oxidizing agent and is reduced. The total loss of electrons 
equals the total gain. The total increase in valence equals the 
total decrease; oxidation has taken place at the expense of 
reduction. 

The following equations represent additional reactions 
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which, at first glance, do not appear to be oxidation and reduc- 
tion, but which, upon closer study, must be so classified in 
terms of our new definitions; 

(1) Cu® -f S® -» Cu++S — 

(2) 2Fe++Cl- +C1® -»2Fe+++a7 

(3) Pb++(N03)r-i-Zn®->Zn++(N03)j- +Pb® 

(4) Pb++++Or~ + 4 H+Cl- Pb++Cl/ rv; 4. 2 0— 

(5) Mn++++Oj“ -f 4 H+Cl- Mn++Cl7 -+- 2 H+0 — + Cl® 

The following table and diagram will help you to summarize 
the electronic explanation of oxidation and reduction as these 
terms apply both to metals and non-metals. 


TABLE 16 


Loss OF Electrons 

Gain of Electrons 

1. Oxidation 

; I. Reduction 

2. Element is oxidized 

2. Element is reduced 

3. Element is reducing agent 

3. Element is oxidizing agent 

4. Valence of element is raised or in- 

4. Valence of element Is lowered or 

creased to positive 

decreased to negative 


Loss OF Electrons 


Oxidation- — Increase in Valence 


—j— 4- 

+ 3 j 

-f 2 1 4- 1 

|0 

— 1 1 

_2|-3|-4|-S 


Gain OF Electrons 
Reduction— Decrease in Valence^ 


PROBLEM Summary Exercises that Everyone Should Do 

1. Define oxidation in terms of oxygen; of valence; of electrons. 

2, Define reduction in terms of oxygen; of valence; of electrons. 
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3. Define oxidizing agent in terms of oxygen; of valence; of 
'electrons. 

4 . Define reducing agent in terms of oxygen; of valence; of 
electrons. 

5. Write an equation for the reaction between zinc and oxygen 
and indicate all valence changes. 

6 . In the reaction in Exercise 5, which element loses electrons? 
Gains electrons? Is oxidized? Is the oxidizing agent? 

7. Write an equation for the reaction between copper oxide and 
hydrogen and indicate all valence changes. 

8 . In the reaction in Exercise 7, which element loses electrons? 
Gains electrons? Neither gains nor loses electrons? Is reduced? 
Is oxidized? Is the reducing agent? Is the oxidizing agent? 

9. Under what conditions does an atom have a valence? 

10. Explain fully what is meant by the statement, ‘'^Oxidation 
takes place at the expense of reduction.’’ 

11. In each of the following equations, point out (a) the element 
oxidized; (b) the element reduced; (c) the oxidizing agent; (d) the 
reducing agent. 

(1) 2Sb^+3a^-->2Sb+++Cl3 

(2) 2Fe++^a3-+Fe^-^3Fe++Gl^ 

(3) H+ (SO 4 ) — + Zn^--»Zn++(S04)“ + H^ 

(4) Fe'> + Cu-i-+(S04)“-^Fe++(SG4)-- 

(5) 2 Ft+++Cl- -f H+ S“ .-^2 Fe++Cl- + 2 H+Cl- -f S® 

PROBLEM 3; HOW IS THE MOST IMPORTANT ACID 
OF CHLORINE MADE AND USED? 

Problem Assignment. It seems strange that a com- 
pound which has been described as competing with sulfuric 
acid for the honor of being called the world’s most impor- 
tant acid should at one time have been merely a waste 
product. But hydrochloric acid was not destined to re- 
main a waste product. In 1868, Deacon invented a process 
for making chlorine from hydrochloric acid. Thus was 
created the first commercial demand for this acid. Soon 
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other applications developed, and as a result manufacturers 
who at first had difficulty in disposing of the hydrogen 
chloride from which hydrochloric acid is made, found that 
it was the chief supporting mainstay of the Le Blanc soda 
process. In this problem, we shall consider the properties 
of hydrochloric acid, how it is made, and some of its out- 
standing uses. 

186. How hydrochloric acid is prepared. (1) Action of 
stdfuric acid on a chloride. When a mixture’ of sodium chloride 
and sulfuric acid is heated, one of the products is hydrogen 
chloride (Fig. 167): 

NaCl + HaCSOi) -» Na(HS04) + HCl f 

Other chlorides will give a similar reaction, but sodium chloride 
is used because it is the cheapest. When hydrogen chloride is 
dissolved in water, it forms hydrochloric acid, commonly called 
muriatic acid. You will observe that no distinction is made 
between the formula of the gas and that of the acid. Usually, 
the formula HCl refers to the acid, unless there is a specific 
statement to4he effect that it represents the gas. 

The equation just given represents the laboratory method 
for the preparation of hydrochloric acid. In the commercial 
method, a secondary reaction occurs when the sodium acid 
sulfate is heated, at a high temperature, with an excess of 
unchanged sodium chloride. The final products are hydrogen 
chloride and sodium sulfate: 

Na(HS04 ) NaCl Na 2(S04) -f HGl t 

In this instance, as in many others, the by-product, 
Na2(S04), called salt cake, is. of commercial importance, since 
it is used in the manufacture of glass, paper, dyestuffs, and 
other products. It is interesting to note that, unlike many 
chemical processes which become obsolete through improve- 
ment in a relatively short time, the manufacture of hydro- 
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chloric acid and salt cake is carried out today in essentially 
the same manner as it was when the process was started a cen- 
tury and a half ago. 



Fig. 167. Laboratory method for the preparation of 
hydrogen chloride. 


(2) Direct synthesis. Hydrogen chloride can also be manu- 
factured by the direct union of hydrogen and chlorine: 

H2-l-Cl2->2HClt 

The manufacture of hydrochloric acid by this method has 
increased to a considerable extent during the last few years, 
particularly in those plants where these two gases are by- 
products of other chemical reactions. The hydrogen is 
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burned in a cylinder made of 
rine is passed. This method 
gives a product which is re- 
markably pure. 

187. Physical properties 
of hydrogen chloride. Since 
hydrogen chloride is about one 
fourth heavier than air, it can 
be collected by downward dis- 
placement. It is essential that 
the bottles or cylinders in 
which the gas is collected be 
quite dry, because of its ex- 
treme solubility (Fig. 168). 
It is a colorless gas of very 
penetrating and somewhat ir- 
ritating odor. Its effects upon 
the respiratory membranes 
may prove quite serious if it is 
breathed in large quantities, 
but generally speaking, the ef- 
fects are not so severe as those 
produced by inhalation of 
chlorine. By means of suffi- 
cient pressure or low tempera- 
ture, it may be condensed to 
a liquid which boils at about 
—85° C. Hydrogen chloride 
fumes in moist air, the fumes 
consisting of very minute 
drops of hydrochloric acid, 
formed by the solution of the 
gas in the water vapor of the 
air.: (v 

188. Chemical properties < 


glass, into which chlo- 



Fig. 168. Hydrogen cMoride 
fountain. , Flask A is .filled" with 
dry hydrogen chloride. If a drop 
or two of water is forced into 
this flask by blowing into glass 
tubing C, so much hydrogen chlo- 
ride will dissolve in it that the 
pressure in the upper flask be- 
comes less than in fiask B. The 
water will then continue to dow 
up. because of air pressure. 

E hydrochloric acid. Most of 


the chemical changes which hydrogen chloride undergoes take 
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place in solution. Its reactions are therefore those of hydro- 
chloric acid and will be considered from that standpoint. 

(1) Action with metals. In common with other acids, hy- 
drochloric acid tastes sour and turns blue litmus red. It is a 
very active acid, and dissociates in dilute solution to a rela- 
tively large extent. It reacts with metallic oxides and hydrox- 
ides to form the corresponding chloride and water: 

(1) Zn0-|-2HCI-»ZnCl2-t-H20 

(2) Ca(OH )2 -f- 2 HCi CaCl 2 -f- 2 H 2 O 

With metals above copper in the displacement series, hydro- 
gen is displaced and the corresponding chloride is formed: 

( 1 ) Zn-f 2HCl-^ZnCl2-fH2t 

(2) 2 Al-f 6HCl-^2 AlClg-f SHat 

With carbonates, sulfides, and sulfites, it will release carbon 
dioxide, hydrogen sulfide, and sulfur dioxide, respectively; 

( 1 ) CafCOg) -j-2HCl-»CaCl2 + H20-f COst 

(2) FeS -f 2 HCl FeCIa -j- H 2 S f 

(3) NaaCSOs) -|-2Ha-5.2NaCl-l-H20-}-S02t 

(2 ) A ction with oxidizing agents. In our discussion of the 
preparation of chlorine by Scheele’s method, we saw that hy- 
drochloric acid could be oxidized. It is, therefore, a reducing 
agent. The following equation accounts for the oxidation and 
reduction that occurs when chlorine is made by the action of 
hydrochloric acid on manganese dioxide: 

Mn++-f-+Oj~ -f 4 H+Cl- Mn++Clj- -f 2 H+0 — -f Cl® t 

During this reaction, the valence of one manganese atom is 
decreased from -|-4 to -1-2, and the total valence of two chlorine 
atoms is increased from —2 to zero. Therefore, in accord with 
our new understanding of oxidation and reduction, one 
manganese atom gains two electrons, manganese is the oxidiz- 
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ing agent, and is reduced; two chlorine atoms lose two elec- 
trons, chlorine is the reducing agent, and is oxidized. 

(3) Formation of chlorides. The reactions given to illus- 
trate the chemical behavior of hydrochloric acid show that a 
chloride is always one of the products. This may furnish a 
convenient opportunity to recall some of the various methods 
by means of which a salt may be formed. The action of an 
acid on (a) a metal, (b) an oxide of a metal, (c) a hydroxide, 
or (d) a salt will form the corresponding salt of the acid. 

189. How to test for a chloride. Most of the chlorides 
are soluble. Lead chloride is only slightly soluble while silver 
chloride and mercurous chloride are insoluble. The test to be 
described applies only to soluble chlorides. Add a little silver 
nitrate to a solution of the unknown substance. If a white 
precipitate forms which does not dissolve upon the addition 
of nitric acid, but which does dissolve in ammonium hydroxide, 
the unknown solution contains chloride ions; 

Ag(N03) -f NaCl AgCl | + NafNOa) 

It is necessary to add the nitric acid and ammonium hydroxide 
to confirm this test, for we know that the white precipitate 
of silver chloride is insoluble in nitric acid, while other white 
precipitates which are not chlorides will dissolve in it. 

190. Uses of hydrochloric acid. Large quantities of hy- 
drochloric acid are used to prepare metals for being enameled 
or coated with zinc and tin. A film of oxide forms on many 
metals when they are exposed to air. This film must be re- 
moved if the enamel or plating metal is to adhere effectively. 
The process is known as pickling. Having studied the chemical 
behavior of the acid with oxides, we can thoroughly appreciate 
just how this action takes place. Glue and gelatin are sepa- 
rated from bones by the aid of hydrochloric acid. Large quan- 
tities of hydrochloric acid are also used in the purification of 
boneblack, in the manufacture of ammonium chloride for dry 
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cellsj and in ' the manufacture of glucose and com syrup — as 
well as in many other chemical manufacturing processes. 


Problem Summary Exercises that Everyone Should Do 

1. How was hydrochloric acid originally regarded? 

2. The invention of what process caused a change in the use of 
hydrochloric acid? 

3. How is hydrochloric acid prepared in the laboratory? How 
is it prepared commercially? 

4. What is the name of an important by-product in making hy- 
drochloric acid? 

5. How do manufacturers who obtain hydrogen and chlorine as 
by-products utilize these elements? 

6. What are some of the outstanding physical properties of hy- 
drogen chloride? 

7. What precautions are required in the laboratory when making 
hydrogen chloride? 

8. Explain the behavior of hydrochloric acid with (a) metals; 
(b) hydroxides; (c) carbonates; (d) sulfites; (e) sulfides. 

9. Give an example showing how hydrochloric acid behaves as a 
reducing agent. 

10. How could one test an unknown solution for the presence of 
chloride ions? 

11. Name some important uses of hydrochloric add. 

12. What single fact can you state which will indicate the indus- 
trial importance of hydrochloric acid? 

.ARE- FLUORINE, CHLORINE, 
BROMINE, AND IODINE CALLED 
THE HALOGEN FAMILY? 

Problem Assignment. These four elements possess 
certain characteristics which enable us to group them to- 
gether for the sake of convenience of study. The name 
halogen means “salt-former/’ and indicates the capacity of 
these elements to unite with metals to form fluorides, chlo- 
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rides, bromides, and iodides, respectively. Some other re- 
spects in which they resemble each other are: all are 
colored substances; all combine with hydrogen to form 
colorless gases; and all, with the exception of fluorine, can 
be prepared in the laboratory by the same method. None 
of these elements occur uncombined because of their ac- 
tivity. Perhaps the most significant feature of this prob- 
lem is that it introduces us to a unique plan of study — a 
plan which groups elements into families. An acquaintance 
with these elements, such as can be gained from a study of 
the assimilative material which follows, will enable us to 
give an adequate answer to the question which the prob- 
lem asks. 

191. Comparison of the halogens. Tables are convenient 
because they enable us to put much information from scattered 
sources into a compact space and at the same time afford a 
direct means for comparison of related items. We shall ac- 
cordingly make a table of the halogen elements for the purpose 
of comparing their most obvious properties (Table 17). 

It will be observed that there is a regular gradation of prop- 
erties of the various halogens as the atomic weight increases. 
Beginning with fluorine with the lowest atomic weight, there 
is a decided change in the physical state, color, boiling point, 
solubility, oxidizing capacity, activity, and other properties as 
the atomic weights become higher. This gradation of proper- 
ties is so striking that it has always attracted a great deal of 
attention. 

The atomic structure of these elements provides us with an 
explanation for some of their properties. Table 18 on page 
339 shows the number of electrons in each orbit of the halogen 
atoms. 

As shown by the table, the outer orbits of the atoms of 
each of the halogen elements contain seven electrons. There- 
fore, each atom needs one electron to complete its outer orbit, 
and this fact explains why all of the halogens have a valence 
of negative 1. Since metals are lenders of electrons, and non- 
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TABLE 17 

Comparison of the Halogen Elements 



Fluorine 

Chlorine 

Bromine 

Iodine 

Atomic weight 

19 

35.46 

79.91 

126.92 

Atomic number 

9 

17 

35 

S3 

Usuai valence 

“1 

— 1 

—1 

—1 

Physical state 

Gas 

Gas 

Liquid 

Solid 

Color 

Green 

Greenish 

yellow 

Reddish 

brown 

Grayish 

black 

Boiling point 

1 

Oo 

b 

o 

o 

■ 

-34,6° C. 

58.8° C. 

183° C. 

Solubility in water 

Reacts vio- 
lently 

Moderately 

Less soluble 
than chlorine 

Insoluble 

Oxidizing capacity 

Most vigor- 
ous 

Less than 
fluorine 

Less than 
chlorine 

Least 

Heat of formation 
with H,, 

38,000 cal. 

22,000 cal. 

8,650 cal. 

-5,926 cal. 

Stability of this 
compound 

Most stable 

Less stable 
than HF 

Less stable 
than HCl 

Least stable 

Molecular formula 

F. 

CI, 


la ; 

Displaced from 
compounds by 


Fluorine 

Fluorine 

Chlorine 

Fluorine 

Chlorine 

Bromine 
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TABLE 18 

Atomic Structure o£ the Halogens 



Fluorine 

Chlorine 

Bromine 

Iodine 

First orbit 

2 

2 

2 

2', ' 

Second orbit 

7 

8 

8 , 

8 

Third orbit 


7 

, 1 

IS 

IS 

Fourth orbit 

j 

1 

7 

18 

Fifth orbit 




7 

Atomic No. 

9 

17 

j 3S 

S3 


metals are borrowers, the halogens would be expected to unite 
readily with metals. The structure of the halogen atoms also 
explains why fluorine compounds are the most stable and iodine 
compounds are the least stable. The valence electrons of flu- 
orine are much closer to the nucleus than are the valence elec- 
trons of iodine; consequently, the fluorine atom most strongly 
retains all of its own electrons, and also attracts and acquires 
the additional electron needed to complete its outer orbit. 
Generally speaking, the farther away from the nucleus the 
valence electrons are, the less stable will the compound be. In 
the process of acquiring an additional electron to complete its 
outermost orbit, the atom of each halogen element changes to 
an ion and forms stable compounds. 

192. Fluorine. Fluorine, the most active of all the halo- 
gens, has never been seen except by a relatively small number 
of skilled experimenters who prepare it in connection with 
their scientific investigations. The vapors of all the halogens 
are destructive to the mucous membranes, but those of fluorine 
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are especially so. They are exceedingly dangerous and have 
caused serious injury, and even death, to those who have ex- 
perimented with it. That is why the history of fluorine has 
been described as “a tragic record.” 

Because of its great chem- 
ical activity, fluorine for 
many years resisted all ef- 
forts to free it from its 
compounds. Finally, in 1886, 
Henri Moissan (Fig. 169), a 
French chemist, succeeded 
in isolating it by the elec- 
trolysis of liquid anhydrous 
hydrogen fluoride containing 
some potassium hydrogen 
fluoride to enable it to con- 
duct the electric current. 
The great difficulty, at first, 
was to prevent it from unit- 
ing almost immediately with 
ever 3 d;hing with which it 
came into contact. Copper 
was found to answer the 
purpose, for fluorine unites 
with copper to form copper 
fluoride and this compound 
adheres to the surface and protects the metal underneath from 
further chemical action. More recently, Monel metal has been 
successfully used in the place of copper. Up to the present 
time, no uses for fluorine have been discovered. 

193. Compounds of fluorine. The most abundant com- 
pound of fluorine is a mineral called fluor spar or fluorite, 
whose composition can be expressed by the formula CaFg. It 
is the substance from which the element fluorine was named. 
Spar means “mineral,” and fluor means “to flow.” The 
alchemists discovered that they could use fluor spar as a flux 



Fig, i69. Henri Moissan (1852- 
1907). A French chemist who was 
the first to prepare artificial dia- 
monds and calcium carbide. He 
also isolated fluorine, and in 1906 
was awarded the Nobel prize in 
chemistry. 


THE HALOGENS AND THE PERIODIC CLASSIFICATION 341 


or agent which assisted in the melting of other substances, 
which fact explains how it came to have its particular name. 
Fluor spar is still largely used as a flux in the production of 
certain metals. Another well-known fluorine compound is 
cryolite, NasAlFg, a mineral which is used in the production 
of aluminum. Sodium fluoride is frequently used as an in- 
secticide. Lithium fluoride and sodium fluoride are used as 
fluxes in soldering aluminum. A compound of fluorine which 
finds extensive use for etching glass is hydrofluoric acid-. 

194. Hydrofluoric acid. Analogous to the preparation of 
hydrochloric acid, hydrofluoric acid is made by the reaction 
between a fluoride and concentrated sulfuric acid : 

CaFa + H2(S04) 2 HF t -f Ca(S04) i 

In etching, the glass is covered with a thin layer of paraffin 
or wax. The design is then written in the wax, after which 
it is exposed to the action of hydrofluoric acid. The acid then 
reacts with the silicates in the glass: 

CaCSiOa) 6 HF 3 HsO -f CaFg 4, + SiF 4 1 

This reaction also explains why hydrofluoric acid cannot be 
kept in glass containers. Hydrofluoric acid is also used for 
“frosting” the interior surfaces of light bulbs and for remov- 
ing the sand from iron castings, as well as from other products 
where even very small quantities of sand are undesirable, such 
as the straw from which straw hats are made. Great care 
must be exercised in the use of hydrofluoric acid, for its vapor 
is poisonous and its water solution causes very bad sores. 

195. Bromine. The name bromine means “stench.” Mag- 
nesium bromide, MgBr 2 , and sodium bromide, NaBr, are the 
two most abundant compounds of this element. Bromine com- 
pounds occur in sea water and in certain places in the world 
from which large bodies of salt water have evaporated. Salt 
beds containing bromine compounds are located in Stassfurt, 
Germany, and in our own country in Michigan, West Virginia, 
Ohio, and Kentucky. 
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Bromine was discovered in 1826 by Balard. At that time, 
he was merely an obscure assistant in the chemistry depart- 
ment of his college. He extracted the bromine from brines by 
treating them with chlorine, a method in vogue up until the 
last few years. After partial evaporation of the brines, the 



sodium chloride crystallizes out. The liquid remaining is 
known as mother liquor, or bittern, and contains the bromine 
compounds, which are then treated with chlorine: 

MgBr2 -f CI 2 MgCl2 -|- Br2 

The usual laboratory method for the preparation of bromine 
is exactly analogous to one method for preparing chlorine: 

2 KBr -f 2 H 2 (S 04 ) + MnOg 

K2(S04) -f- Mn(S04) 4- 2 H 2 O -f Bra 

196. Commercial preparation of bromine. The consump- 
tion of bromine has increased tremendously during the last 








Courtesy The Dow Chemical Company 


Fig. 171. An aerial view of the plant for extracting bromine from 
sea water, at Cape Fear, N. C. The sea is in the background. The 
water from which the bromine has been removed is discharged into 
the river in the foreground. 


seven-year period, the annual production of bromine increased 
from two million pounds to nine million pounds. It became 
increasingly evident that the usual sources of bromine from 
the brine of salt beds would become inadequate, so chemists 
and chemical engineers had been giving considerable attention 
to the possibility of recovering bromine from sea water. 

After some years of experimentation, a plan ivas worked out 
which was both practicable and economical, and the year 1933 
witnessed a noteworthy event in the erection of a plant for the 
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recover}^ of bromine from sea water (Fig. 171). Since there 
are only about sixty-five parts of bromine to one million parts 
of sea water, the successful operation of such a plant con- 
stitutes a distinguished achievement. 

The process consists essentially of the following operations: 
(a) slightly acidifying the sea water with sulfuric acid; (b) 
treating the sea water with chlorine to liberate the bromine; 


AIR EXIT 



Fig. 172. Diagram of bromine extraction unit. 


(c) blowing the free bromine out of the solution with air; and 

(d) absorbing the bromine from the air with a solution of 
sodium carbonate from which it can subsequently be recovered 
in a commercially desirable form (Fig. 172). At the time of 
this writing about 15,000 pounds of bromine are being re- 
covered daily. The successful recovery of bromine from sea 
water has led to the hope that other valuable substances may 
similarly be obtained. 

197. Properties of bromine. Bromine has the distinction 
of being the only non-metallic element which is a liquid under 
ordinary conditions. It is reddish brown in color, with a dis- 
agreeable, suffocating odor. It is somewhat soluble in water, 
such a solution being called bfotnitie watev. It is very soluble 
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in chloroform, carbon tetrachloride, and carbon disulfide, in 
which it forms orange-colored solutions. It is about three 
times as dense as water, and its vapor issues readily from its 
container when the stopper is removed. Generally speaking, 
the chemical properties of bromine are very similar to those 
of chlorine, except that the bromine is less active. Bromine is 
very corrosive. For this reason it must be handled cautiously, 
because it may produce serious burns on the skin. 

198. Uses of bromine. The use of bromine in connection 
with the preparation of ethylene dibromide for use with motor 
fuel has already been mentioned. Bromine is also used in 
medicine, particularly for the preparation of sodium and 
potassium bromides which are used as sedatives. Some aniline 
dyes require bromine in their preparation, and silver bromide 
forms the light-sensitive material on photographic plates and 
films. Bromine was an important constituent of tear gases used 
in the World War. Xylyl bromide and brom-acetone were 
two such compounds used to temporarily blind the enemy by 
causing very copious shedding of tears. 

199. Iodine. (1) Occurrence and preparation. Iodine is 
found in the ashes of a certain kind of seaweed, in which it 
was discovered in 1812 by the French chemist Courtois. For 
many years the commercial method for its preparation was the 
treatment of such ash with manganese dioxide and sulfuric 
acid. In the laboratory, the jnethod for preparing iodine is 
similar to that for preparing chlorine and bromine (Fig. 173): 

2 Nal -f 2 HafSOi) + MnOa Naa(S 04 ) + Mn(S 04 ) ■+■ 2 HaO -f la 

In later years, iodine has been obtained from Chile, South 
America, where it occurs in the deposits of sodium nitrate, 
chiefly as sodium iodate, NalOa. After the crystallization of 
the sodium nitrate, the iodine compmmds remain in the mother 
liquor from which they are recovered. 

A new development in the production of iodine resulted when 
it was found that certain oil wells in California and Louisiana 
also contained iodine. The “dirty” salt water, which accom- 
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panies the oil from these wells, contains iodine, and methods 
have been evolved for its successful commercial extraction. 
As much as twelve hundred pounds of iodine per day have been 
produced. Other nations, notably Italy and Russia, have also 

found sources of iodine, so 
that as a result of this com- 
petition, a marked reduction 
in price has been effected. 
A much cheaper price for 
iodine may have the effect of 
extending its uses in proc- 
esses where the cost has pre- 
viously been prohibitive. 

(2) Properties . The 
brown liquid which we re- 
ceive from the druggist when 
we ask for iodine is actually 
a solution of iodine in alco- 
hol, known as tinctwe of 
iodine. The element is a 
steel-gray solid, which crys- 
tallizes in flat flakes. It is 
not only soluble in alcohol, 
but also in carbon disulfide 
and chloroform, to both of 
which it imparts a deep pur- 
ple color. It is not readily 
soluble in water. Its odor suggests the element chlorine^ 
but is not so disagreeable. When iodine is heated, it vapor- 
izes without melting, forming a gas of deep violet color. On 

cooling, the vapor condenses directly back to a solid. This 

process in which a substance changes directly from a solid to a 
gaseous state without first passing into an intermediate liquid 
state is known as sublimation. It is a well-known process for 
purifying such substances as camphor and naphthalene. The 




Fig. 173. 


Laboratory preparation 
of iodine. 
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substance, on being heated, vaporizes, leaving the less volatile 
impurities behind. 

(3) Uses. Tincture of iodine is still considered by many to 
be one of the most effective antiseptics we have, in spite of the 
development of other substances for that purpose. Other uses 
of the element are in the preparation of certain drugs, dyes, 
and photographic compounds. A deficiency of iodine in the 
human body is said to be the cause of certain forms of goiter. 

200. Behavior of halogen ele- 
ments ■with halogen compounds. 

The decreasing chemical activity of 
the halogen elements, with a rise in 
their atomic weights, enables us to 
arrange them in a series similar to 
the activity series of the metals. 

Knowing their positions in the series, 
we are enabled to predict many of 
their chemical reactions. Thus, 
fluorine will displace chlorine, bro- 
mine, and iodine from their compounds; chlorine and bromine 
will displace iodine from its compound. If we arrange a series 
on this basis, and add two other well-known active elements, 
the activity series of the non-metals is obtained. 

201. Tests for bromine and iodine. Since chlorine will 
displace bromine and iodine from their compounds, it is very 
convenient to use it in testing for these two elements. A little 
chlorine water and carbon disulfide are added to the solution 
containing the unknown. The mixture is then shaken. If 
bromine is present it will be displaced by the chlorine and will 
be extracted by the carbon disulfide, to which it imparts an 
orange-brown color. If iodine is present, it will similarly be 
displaced and extracted by the carbon disulfide, to which it 
imparts a deep violet color. If, by chance, both bromine and 
iodine were present in the same solution, the color of the 
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Fluorine 

2. 

Chlorine 

3. 

Bromine 

4. 

5. 

Oxygen 

Iodine 

6. 

Sulfur 
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iodine would obscure the color of the bromine. In such an 
instance, repeated additions of small amounts of chlorine water 
and carbon disulfide -would oxidize the iodine and would make 
evident the characteristic color of the bromine. The following 
equations illustrate how bromine and iodine are replaced: 

(1) 2 KBr -j- CI 2 — > 2 KCl -j- Br2 

(2) 2 KI -f- CI 2 — ^ 2 KCl -f- 12 

(3) 2 K.I -j- Br 2 2 KBr ■{“ I 2 

Another well-known test for iodine lies in the fact that free 
iodine turns starch blue. When a solution of an unknown 
is added to starch solution which contains a little chlorine 
water, and the mixture is shaken, the formation of a blue color 
indicates the presence of iodine. 

202. Heat of formation. The amoimt of heat absorbed or 
evolved in the formation of a gram formula weight of a com- 
pound from its elements is known as the heat of formation oi 
that compound. Reference to Table 17 on page 338 will indi- 
cate that fluorine compounds have the highest heats of forma- 
tion, and that the heats of formation of the other halogens 
decrease in the order of their ascending atomic weights. High 
heats of formation indicate stability. Low or negative heats 
of formation indicate little or no stability. Heats of formation 
generally provide us with important information as to what is 
likely to happen with respect to chemical change. In attempt- 
ing to determine whether a given change is possible, or is likely 
to occur, we write a tentative equation for the reaction. If 
the new substance produced has a higher heat of formation than 
the compound with which we started, the reaction is possible; 
otherwise it is not. The reaction takes place more readily if 
the heat of formation of the new substance is very much 
greater than that of the compound with which we started. We 
can usually tell whether elements will unite by noting whether 
the compound to be formed has a high heat of formation. 
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The preceding explanation will not account for all cases of 
this sort, but it is a good rule to keep in mind in determining 
whether a given change will take place. Just as it is necessary 
to consult the solubility chart to see whether a given reaction 
will go to completion, we also consult a table showing heats of 
formation, whenever such information is essential to our pur- 
pose (Table 42, page 697). 


PROBLEM Summary Exercises that Everyone Should Do 

1. Of what value are tables like those in this problem? 

2. In what respects are the halogen elements similar? In what 
respects do they vary? 

3. How do we account for the greater stability of fluorine com- 
pounds? 

4. By whom, and when, was fluorine first isolated? 

5. When, and by whom, was bromine discovered? Iodine? 

6. Why was the separation of fluorine such a difficult problem? 

7. How is hydrogen fluoride prepared? Write the equation for 
the reaction. 

8. Describe the process of etching glass and name its applica- 
tions. Write the equation for the reaction. 

9. Account for the great increase in the production of bromine. 

10. Describe the steps in the commercial extraction of bromine. 

11. Describe the laboratory preparation of bromine; of iodine. 

12. Name the uses of bromine; of iodine. 

13. Define sublimation. Of what use is this process? 

14. How would you test an unknown solution for the presence of 
a bromide? Of an iodide? Of free iodine? 

15. Of what value is an activity series of non-metals? A table of 
heats of formation? 

16. From your knowledge of the activity series of the non- 
metals, predict what is likely to happen (a) when bromine is intro- 
duced into a solution of sodium chloride; (b) when chlorine is in- 
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. troduced into a' solution of hydrogen sulfide; (c) when chlorine is 
introduced into a solution of hydrogen iodide. • 

17. By consulting the table of heats of formation, page 697, de- 
termine whether the following reactions will take place; ■ explain' 
your answers. 

(a) Fe 203 + Cl 2 -» 

(b) Fe 203 ,+ Al^ 

PROBLEM 5: WHAT IS THE NATURE AND VALUE OF 
THE PERIODIC CLASSIFICATION? 

Problem Assignment. A good deal of the history of 
chemistry is concerned with a study of relationships. Not 
only do related facts make for simplicity and convenience 
in study, but often bring to light other facts and generaliza- 
tions of far-reaching significance. We have had an oppor- 
tunity to learn how the study of the halogen elements as a 
group revealed relationships which might be much more 
difficult to discover were they studied separately. Since 
there are ninety-two elements, it is obvious that a plan 
which provided a method for the orderly and systematic 
study of such a large number would be most advantageous. 

That is precisely what the periodic classification does. In 
this problem we shall describe briefly early attempts at 
classification, and then consider in detail the answer to the 
question which the problem asks. 

203. Attempts at classification. One of the early attempts 
to classify substances was to arrange elements as acid-forming 
or base-forming, depending upon whether their oxides formed 
acids or bases in solution. Such a classification was not always 
satisfactory, since the oxides of some elements may form either 
acids or bases, depending upon what the conditions are. An- 
other method was to arrange elements into groups of metals 
and non-metals. This also introduced complications, because 
some elements appear to be metals, and yet, as in the case of 
arsenic and antimony, they may behave like non-metals. 
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204. Dobereiner’s triads. Dobereiner, in 1829, discovered 
that certain groups of three elements could be so arranged that 
the atomic weight of the middle element was the approximate 
arithmetical mean of the other two. The following example? 
will make this clear : 

Element Atomic Weight 

Chlorine 35.461 

Bromine 79.91 S 

Iodine 126.92 

32.06*1 

78.96 I 79.83 

127.61 

J 

40.08*1 

87.63 I 88.72 

137.36 1 

Phosphorus 31.02 

Arsenic 74.91 

Antimony 121.76 

To such groups of elements, Dobereiner gave the nsmt triads. 
Not only was there an apparent relationship between the atomic 
weights of the triads, but in every instance the properties of 
the elements strongly resembled each other. You will readily 
recognize the accuracy of the relationship between chlorine, 
bromine, and iodine, since we have already studied these ele- 
ments. Although the relationships expressed by Dobereiner 
were incomplete, they were significant and may be regarded 
as the forerunner of our present periodic system. 

205. Newland’s octaves. The plan proposed by John 
Newland, in 1864, represented another decided advance in the 
classification of the elements. He arranged the elements in 
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81.19 
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the order of their consecutive ascending atomic weights and 
observed that the properties were repeated with each eighth 
element. He reported the plan to the English Chemical So- 
ciety, but met with ridicule. So lightly was his classification 

regarded that he was even 
asked by one member 
whether he could not obtain 
the same result by arranging 
the elements according to the 
initials of their names! His 
contribution to the problem 
of classification received 
tardy recognition twenty-one 
years later when the Royal 
Society awarded him the 
Davy medal.^ 

In the meantime, appar- 
ently unaware that they were 
using the same fundamental 
idea as that of Newland, two 
other scientists worked out, 
quite independently of each 
other, a system of classifica- 
tion of the elements based on 
their atomic weights. These 
men were Mendelejeff of 
Russia (Fig. 174) and Meyer of Germany. While there 
is a general disposition in the literature of chemistry to 
give both Mendelejeff and Meyer credit, the name of the 
former is most closely associated with the periodic classifi- 
cation. 

206. Classification of Mendelejeff. Having considered 
Newland’s plan of arranging the elements with respect to their 

1 The Davy medal, provided for in the will of Sir Humphry Davy, is awarded 
annually by the Royal Society of London, the oldest scientific society in Great Britain, 
for the most important discovery in chemistry. 


From the Lyman Churchill Newell 
History of Chemistry Collection of 
Boston University 

Fig, 174. Dmitri Ivanovitch Men- 
deiejeff (1834-1907). A great Rus- 
sian chemist noted for his periodic 
classification of the elements and 
his formulation of the Periodic 
Law* 
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atomic weights, Mendelejeff’s classification will be apparent. 
Because many additional elements have been discovered since 
the original classification was made, and also because errors 
which originally occurred in the atomic weights have since been 
corrected, the present-day arrangement will be the one that 
we shall consider. The elements, beginning with helium, are 
arranged in horizontal rows as their atomic weights increase: 

He Li Be B C N 0 F 

4 7 9 11 12 14 16 19 

As we read from left to right, the elements vary considerably 
in their properties, but when we get to neon, we find that its 
properties resemble those of helium, and so neon is placed 
directly under helium. Sodium is placed under lithium for the 
same reason, and so on, and the second row looks as follows: 

Ne Na Mg A1 Si P S Cl 

20 23 24 27 28 31 32 35.S 

Argon follows chlorine, and since the properties of argon re- 
semble those of both helium and neon, a third horizontal row 
is begun by placing argon directly below helium and neon. 
This, in general, is the plan by means of which the position of 
the elements in the table is determined. 

207. The periodic law. An inspection of the complete 
periodic classification, page 3 SS, shows that hydrogen has 
been set apart by itself. It also shows that there is a ninth 
vertical column of groups of three elements which have been 
designated as triplets. If we leave these out of consideration 
for the time being, we notice that there is a gradation of prop- 
erties from left to right. Helium is an inert gas. Lithium is a 
strongly base-forming element. Beryllium is also base-form- 
ing, but less actively so than lithium. Boron is a weak, acid- 
forming element, carbon a more strongly acid-forming than 
boron, and so on until we reach fluorine, which is the most 
active non-metal we know. The next element is neon, an inert 
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gas, and when placed under helium, which it resembles, we 
have the beginning of a second row, in which all the properties 
of the elements in the preceding row are repeated. Such hori- 
zontal rows are called periods, and since the properties of ele- 
ments recur with each succeeding period, Mendelejeff formu- 
lated the following law: The properties of elements are periodic 
functions of their atomic weights. 

208. Groups. The recurrence of properties, as described 
in the preceding paragraph, causes elements of similar proper- 
ties to be placed in the same vertical column. Such vertical 
columns are called groups. An inspection of group 0 shows 
a remarkable resemblance between the elements. Likewise, 
an inspection of group I shows a marked resemblance between 
lithium, sodium, potassium, rubidium, and cesium. Since cop- 
per, silver, and gold also appear in group I, and since these 
elements do not resemble the others, a division of two families 
is made in each group, under the heading of “A” and “B.” 
Thus, all the elements of a group under “A” will resemble each 
other, or belong to the same family, and the same thing will 
be true of those elements under “B.” 

A further inspection of the table shows that some periods 
have more elements than others. The first and second periods 
have eight elements each, while the third period has eighteen 
elements. The first two periods are called short periods, and 
the third is called a long period. The fourth and fifth periods 
are also long. The third period contains three elements, iron, 
cobalt, and nickel, arranged in group VIII. The fourth and 
fifth periods contain similar elements in group VIII. These 
have previously been referred to as triplets. The triplets re- 
semble each other, but are placed in a group by themselves 
because their properties are not like those of the elements in 
group I, II, or III. 

209. Observations on the table as a whole. In general, 
elements in the same vertical column have the same valence. 
Thus, in group I, lithium, sodium, potassium, rubidium, and 
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cesium have a valence of positive one. Beginning with group I, 
the elements are metallic and are strongly base-forming. Read- 
ing from left to right, the elements become less strongly base- 
forming as we approach the center of the table. In similar 
fashion, if we begin with group VII, the elements are non- 
metallic and have strongly acid-forming properties. As we 
read toward the center of the table, the elements become less 
strongly acid-forming. Certain elements in the center of the 
table may form either acids or bases, and are said to be 
amphoteric. We may notice also that, if we begin with group 
I, and read down the vertical column, the elements increase 
in activity, while if we begin with group VII and read down- 
ward, the elements decrease in activity. 

210. Defects of the periodic classification. We have 
noted that hydrogen has no place in the various groups of the 
elements. Also, there are certain exceptions to the arrange- 
ment of the elements in the order of their atomic weights. 
Tellurium is placed before iodine, although the former has the 
higher atomic weight. Argon also precedes potassium, even 
though the latter has a lower atomic weight. It would ob- 
viously be inconsistent to place potassium in group 0 with 
elements whose properties it does not at all resemble, or to 
place argon in the same group with lithium and sodium. There 
are other inconsistencies upon which we need not dwell here— 
inconsistencies of valence — since the value of this classifica- 
tion is determined not by its defects but by its advantages, 
which are given in the next paragraphs. 

211. Values of the periodic classification. (1) Before 
the periodic classification was formulated, there was no well- 
organized plan for the systematic study of the elements. This 
classification has greatly simplified the study of the elements. 

(2 ) It made possible the prediction of new elements. At the 
time the table was formulated, there were a number of blank 
spaces between the elements. Mendelejeff explained these by 
saying that the blank spaces represented elements which had 
not yet been discovered. He, himself, predicted the discovery 
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of several new elements, and, on the basis of their position in 
the table, foretold their properties. Later, when these elements 
were discovered, their predicted and actual properties coincided 
with remarkable accuracy. One of these elements he named 
“eka-aluminium,” another “eka-silicon,” and a third, “eka- 
boron.” When they were discovered, they were named 
gallium, germanium, and scandium, respectively, in honor of 
the native lands of their discoverers. 

(3) It indicated errors then e.xisting in the atomic weights. 
There were instances in which a given element did not fall into 
the group into which it obviously belonged. Under these cir- 
cumstances, Mendelejeff boldly declared that the atomic weight 
was in error. This was particularly true in the case of cesium, 
which at that time had an assigned atomic weight of 123.4. 
Later determinations gave the weight as 132.8. Other correc- 
tions also followed which thoroughly vindicated Mendelejeff’s 
contentions. 

(4) It stimulated further research. There were many ques- 
tions which the periodic table raised which could not be satis- 
factorily answered except on the basis of additional study of the 
elements. Such studies are still going on, particularly with re- 
spect to the rare earth elements — those fifteen elements begin- 
ning with lanthanum of atomic weight 139, and ending with 
lutecium of atomic weight 175. 

The periodic classification has been of tremendous value in 
spite of its imperfections. Even these defects disappear to 
a considerable extent when we arrange our table on the modern 
basis of atomic ntmbers. 

212. Atomic numbers. An X-ray tube is a device which 
causes a stream of electrons to emanate from the cathode when 
a current of electricity is passed through the tube (Fig. 175). 
If the voltage is sufficiently high, these electrons will strike 
the target with considerable force and cause it to radiate, or, 
as we say, to produce X rays. X rays are similar in nature to 
visible light, but their wave lengths are about ten thousand 
times shorter. It has been determined through the experiments 
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of W. H. and W. L. Bragg that, just as ordinary visible light 
may be dispersed by projecting it against a diffraction grating, 
X rays can also be dispersed by projecting them against crystal 
surfaces. These crystal surfaces behave in the same way as 
diffraction gratings. 

The wave lengths of X rays depend on the material of which 
the target is composed. By using most of the elements from 
aluminum to gold as targets, and by employing a crystal as a 
diffraction grating, Moseley was able to photograph their X-ray 



spectra, and from them to determine their wave lengths. He 
found that the wave lengths become shorter as the atomic 
weights of the metals used increased, and that the difference 
in magnitude between the wave lengths of any two successive 
elements followed a definite relationship. 

If all the elements are arranged in order on the basis of 
such wave lengths, hydrogen comes first with the longest wave 
length, helium has the next longest wave length, and so on 
through the entire range of elements, concluding with uranium, 
which is the ninety-second. If we assign a number to the atom 
of each element in order, giving hydrogen 1, helium 2, and so 
on, on the basis of their consecutive wave lengths, we then have 
an atomic number for each element. 

This method of determining the atomic number of an element 
also provides us with information concerning the number of 
excess positive charges in the nucleus. As we have seen in 
Section 68, the number of such charges is balanced by an 
equal number of satellite electrons. Since the properties of 
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elements are determined by the number of external electrons in 
their atoms j the method of classifying elements on the basis 
of their atomic numbers is much more fundamental than that 
based on atomic weights. An inspection of the table of the pe- 



Fig. 176. Francis William Aston 
(1877- ). An English chemist 

who studied the problem of 
atomic weights, and by the ap- 
plication of spectroscopic analy- 
sis formulated the theory of 
isotopes. He and Frederick Soddy 
were jointly awarded the Nobel 
prize in chemistry in 1922. 



Courtesy the ”]\evv i'oxk Times'’ 


Fig. 177. Dr. Harold C. Urey at 
work in his laboratory at Colum- 
bia University. Dr. Urey was 
awarded the Nobel prize in 
1934 in recognition of his dis- 
covery of hydrogen isotopes and 
for the isolation of "‘heavy 
water.’^ 


riodic classification on page 355 shows the atomic number 
above each element, and the atomic weight below. When ar- 
ranged on the basis of atomic numbers, some of the inconsist- 
encies to which we have previously called attention disappear. 
In the light of modern knowledge, it is necessary to revise the 
periodic law and make it read as follows: The properties of 
elements are periodic functions of their atomic numbers. 

213. Isotopes. Students of elementary chemistry may be 
somewhat surprised to learn that all the atoms of a given ele- 
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ment do not have the same weight. The fact that so many 
elements had fractional atomic weights led to the belief that 
the atomic weights of certain elements, as we knew them, were 
really the averages of the weights of all of the atoms present 
in a given sample. This belief has been experimentally verified 
by Thomson and Aston (Fig. 176). Atoms of a given element, 
which have different atomic weights, but which are otherwise 
identical, are called 

We may explain the similarity in chemical properties of 
isotopes and the differences in the weights of their atoms by 
reference to the following diagrams. 



8. Iso- 
: lithium, 
has an 
c number 
3. 


Cf 




an atomic num- 
ber o£ 17* 


The lithium atom with an atomic weight of 6 has three excess 
positive charges — exactly the same number as has the lithium 
atom with an atomic weight of 7. This means that each has 
the same number of external electrons, and hence the prop- 
erties of each will be the same. The reasoning is similar for 
the isotopes of chlorine. It has definitely been established 
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that most of the^ elements are composed of mixtures of isotopes^ 
tin having as many as eleven. 

2 14. Heavy v^ater. It requires little imagination to realize 
that if heavy .isotopes of hydrogen were^ to unite with oxygen, 
the result would be molecules having weights greater than 18 
(H20=18). Isotopes of. hydrogen with weights 2 , (called 
deuterium) and. 3 , (called tritium) are knowm to exists .and 
their union with ordinary oxygen atoms, .produces *^:^h€avy 
water.,” , One .formula for heavy water is written H|0 to ind.i- 
cate that it contains the heavy isotopes; another name for 
this combination is deuterim oxide, ' How many formulas for, 
other kinds of water m,olecules.can you figure out? ' ; 

Heavy water has a higher freezing point and a higher boiling' 
point than ordinary: water; other physical and chemical prop- 
erties likewise differ. Its properties and biological effects have 
given rise to important researches. 


Problem; Summary Exercises tha't Everyone' Should , Do 

... L' Upon: what basis were some -early attempts made to classify 
the elements?' . 

2. Explain in detail what is meant by Ddbereiiier’s triads. 

3. What is meant by Newland’s law of octaves? 

.4. ,'Upon what basis did' Meyer and Mendelejeff classify the, ele- 
ments? 

5. What is the periodic law? 

6. How do periods differ from groups? 

7. How do the properties of elements vary as we read from left 
to right in the periodic table of the elements? 

8. How do the properties of the elements vary as we read from 
top to bottom of a group beginning at the left? At the right? 

9. Why are there two families in a group? 

10. What are some values of the periodic classification? 

11. What are some of its defects? 

12. Upon what is the modern periodic classification based? 
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13. What scientist is associated with the modern conception of 
the, periodic classification? 

14. What are isotopes? Make a diagram showing just how 
isotopes are possible. 

15. What is heavy water? By whom was it first separated? 

: III. OPTIONAL MATERIAL FOR THE UNIT , 

ADDITIONAL PROBLEM SUMMARY EXERCISES 

L Students sometimes confuse chlorine with hydrogen chloride. 
Make a comparison of the properties of these gases which would 
definitely enable one to avoid such an error. 

2. Write an equation for the preparation of chlorine by the oxi- 
dation of hydrochloric add, in which you indicate (a) the valence 
changes; (b) the oxidizing agent; (c) the reducing agent; (d) the 
substance that has been oxidized; and (e) the substance that has 
been reduced. 

3. Why is it that some metals unite so much more vigorously 
with chlorine than others? 

4. Contrast the chemical change that takes place when chlorine 
bleaches, with, the chemical change that takes place when sulfur 
dioxide bleaches. 

5. How could you distinguish between white crystals of a chlo- 
ride, bromide, or iodide? 

6. Why not use nitric acid in the preparation of hydrochloric 
acid rather than sulfuric? Give three reasons. 

7. Show that there is no inconsistency in the statement that oxi- 
dation occurs when antimony unites with chlorine, 

8. Assuming that one of the reacting substances was a solution 
of hydrogen chloride, how could you prepare zinc chloride? Carbon 
dioxide? Hydrogen sulfide? Sulfur dioxide? Ammonium chloride? 

9. Write an equation for the preparation of bleaching powder; 
for the reaction by means of which bleaching powder releases its 
chlorine. 

10. Explain why a solution of greenish-yellow chlorine water 
fades in color on standing for a few days, even though stoppered. 
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11. Name all the methods you can for the formation of chlo- 
rides. Illustrate each method with an equation. 

12. Explain why the statement that hydrogen can be prepared by 
the reaction between hydrochloric acid and a metal needs to be 
qualified. • 

13. Explain in detail the commercial preparation of bromine. 
Why is this method of possible future significance? 

14. Explain, with illustrations, the practical usefulness of an 
activity series of the non-metals; of a table of heats of formation. 

EXERCISES IN CHEMICAL ARITHMETIC 

1. How many liters of chlorine, under standard conditions, could 
be obtained by the oxidation of 150 g. of hydrogen chloride? 

2. If manganese dioxide were used as the oxidizing agent in the 
above problem, what would be the weights of the by-products ob- 
tained? 

3. What yield of bromine could be obtained from 84 g, of potas- 
sium bromide which was only 92% pure? 

4. How many cubic feet of hydrogen chloride could be obtained 
by direct synthesis of 200 cubic feet of chlorine with hydrogen? 

5. What weight of bromine would be required to displace 25 g. 
of iodine from a solution of potassium iodide? 

6. Calculate the weight of each product obtained when a solution 
containing 375 g. of sodium chloride is subjected to electrolysis, 

7. If 62 g. of manganese sulfate were found among the products 
of the reaction in the preparation of bromine, how many grams of 
sodium bromide were decomposed? 

8. Determine the percentage composition of NagAlFfj. 

TOPICS FOR INVESTIGATION AND REPORTS 

1. The Early 

2. Development of Chemical Warfare 

3. Poison Gases in the World War 

4. The Isolation of Fluorine 

5. Scheele’s Experiments and Discoveries 
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■ 6. The Early History of Bromine and Iodine 

7. "How Bromine Is Recovered from Sea Water 

S. Sublimation as a Method for Purifying Chemicals 
9. How New Domestic Sources of Iodine Were Found 
. 10. The Relation of the Le Blanc Process to Hydrochloric Acid 

11. Early Attempts at Classification of the Elements 

12. Biography of Lothar Meyer 

13. Biography of Dimitri Ivanovitch Mendelejeff 

14. Moseley’s Determination of Atomic Numbers 

15. How X Rays Are Used to Determine Atomic Arrangement 

16. Isotopes 

17. Heavy Water 

18. The History of Antiseptic and Aseptic Methods 

19. Determination of Atomic Arrangement in Molecules 

IV. UNIT RECITATION AND TEST 

TOPICS FOR ORAL OR WRITTEN RECITATION 

1. The Preparation of Chlorine 

2. Properties of Chlorine 

3. Uses of Chlorine 

4. Preparation of Chlorine Compounds 

5. Chlorine in W’^arfare 

6. Preparation of Hydrogen Chloride and Hydrochloric Acid 

7. Physical Properties of Hydrogen Chloride and Hydrochloric 

Add . . . 

8. Chemical Properties of Hydrochloric Acid 

9. Chemical Tests for the Halogens and Their Salts 

10. Uses of Hydrochloric Add 

11. Oxidation and Reduction in Terms of Electrons and Valence 

12. Comparison of the Halogen Elements 

13. Fluorine and Its Compounds 

14. Uses of Fluorine Compounds 
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15. Preparation of Bromine ' 

16 . 'Properties of Bromine 

17. Uses of Bromine and Its Compounds 

18. Preparation of Iodine 

19. Properties of Iodine 

20. Uses of Iodine and Its Compounds 

21. Activity Series of Non-metais 

22. Use of Heats of Formation Tables 

23. Early Attempts at Classification — Dobereiner— Newland 

24. Tbe Periodic Classification by Meyer and Mendelejeff 

25. The Periodic Law 

26. Advantages of the Periodic Table of Elements 

27. Defects of the Periodic Table of the Elements 

28. Isotopes and Heavy Water 






U. S. Bureau of Reclamatioa and Ewing Galloway 

These pictures illustrate how chemical explosives serve^ man in 
peacetime and in war. In the upper picture we see the time- and 
labor-saving effects o£ the explosion of a large charge of dynamite 
during the building of Grand Coulee Dam- Below is a view of men 
firing the 16-inch coast defense guns at Fort Tilton, New York. 



UNIT EIGHT 

THE NITROGEN FAMILY 


L THE UNIT ASSIGNMENT 

Defining the unit. The most elemental need of all living 
things is food. Without food, life would be impossible. At 
first glance, it is perhaps difficult to see how the subject of 
food is related to the nitrogen family, but its significance will 
become apparent when we say that nitrogen is an essential 
constituent of all living matter. 

Nature has provided us with an inexhaustible supply of 
nitrogen in the atmosphere. Atmospheric nitrogen, however, 
cannot be utilized by living things because it exists in the free 
state. The study of methods of causing nitrogen to combine 
in forms that can be utilized by plants and animals will con- 
stitute a large part of this unit. 

Combined nitrogen is also assuming an ever-growing im- 
portance in industry. Man has learned how to utilize at- 
mospheric nitrogen for the preparation of such essential com- 
pounds as ammonia, nitric acid, and salts of nitric acid. The 
preparation and uses of these compounds make a story of ab- 
sorbing interest. Such processes as refrigeration, the manu- 
facture of fertilizers, and the preparation of explosives in- 
volve the use of nitrogen compounds. The making of a series 
of nitrocellulose products, such as artificial silk, celluloid, and 
quick-drying lacquers, gives an additional suggestion of the im- 
portance of combined nitrogen. 

367 
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However important nitrogen itself may be, it represents 
only one of the members of this family. The others are phos- 
phorus, arsenic, antimony, and bismuth. A comparison of the 
properties of the members of this family reveals relationships 
that increase our confidence in the periodic classification as an 
effective means for the study of elements. 

Phosphorus is also an essential constituent of living things. 
For that reason we shall describe the processes by means of 
which it aids in producing the world’s food supply. The re- 
maining members of the family also have valuable and im- 
portant parts to play in our complex world. The study of this 
unit will give us an intelligent understanding of the nitrogen 
family, and an increased respect for all of its members. 


UNIT PROBLEMS TO BE SOLVED 


PROBLEM 1: OF WHAT IMPORTANCE IS THE MOST 
ABUNDANT CONSTITUENT OF THE AT- 
MOSPHERE? 


PROBLEM 2; HOW IS AMMONIA PREPARED AND USED? 


PROBLEM 3: HOW IS THE MOST IMPORTANT ACID OF 
NITROGEN MADE AND USED? 


PROBLEM 5 : HOW IS THE NITROGEN FAMILY RELATED 
TO THE CHEMISTRY OF AGRICULTURE? 


PROBLEM 4: 


HOW DOES THE BEHAVIOR OF THE ELE- 
MENTS IN THE NITROGEN FAMILY SUP- 
PORT THE PERIODIC CLASSIFICATION OF 
THE ELEMENTS? 
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II. ASSIMILATIVE MATERIAL FOR THE UNIT 

PROBLEM 1: OF WHAT IMPORTANCE IS THE MOST 

ABUNDANT CONSTITUENT OF THE ATMOSPHERE? 

Problem Assignment. If one were to draw conclu- 
sions concerning the nature of nitrogen from a laboratory 
study of its properties, the result would probably be dis- 
appointing. The reason for this is that at ordinary tem- 
peratures nitrogen is so inactive that it will do nothing of 
a spectacular nature. It is often true that the activity of 
an element determines its uses and gives us a measure of 
its importance. Nitrogen, however, cannot be judged in 
this way. Although we are not conscious of its presence 
in the atmosphere, our relation to nitrogen is nevertheless 
very vital and significant. That is because nitrogen is es- 
sential to life. We must also add that it is essential to in- 
dustry. Our study of this problem will make it evident 
why this is so. In order to make the background complete, 
we shall include a brief history of nitrogen, its occurrence, 
how it may be prepared, and what its properties are. 

215. The air in which we live. The atmosphere is fre- 
quently referred to as “the ocean of air in which we live.” 
Because it is gaseous, colorless, and odorless, and because it 
cannot ordinarily be felt, its early study presented some diffi- 
culty. At first, air was thought to be an element. The experi- 
ments of Priestley, Lavoisier, and Scheele, however, indicated 
that it must consist of at least one other substance, because 
oxygen accounted for only about one-fifth of the volume of air 
with which they worked. We now know that air is a mixture 
consisting of several gases. The average composition of dry 
air, by volume, is shown in the table on page 370. 

216. How the composition of the air is determined. If 
we arrange a crucible on a large flat cork, we can place the 
cork on the surface of some water so that it will float. We 
may then pour a small quantity of red phosphorus into the 
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TABLE 19 


Composition o£ the Air 


Component 

■ Percent 

Nitrogen 

78.00 

Oxygen 

21,00 

Carbon dioxide 

.04 

Argon 

.94 

[ ■ 

Heliumj Neon, Krypton, Xenon 

Traces 


crucible and ignite it, meanwhile placing a glass jar over the 
entire arrangement (Fig. 180). Dense white fumes of phos- 
phorus pentoxide will rise in the 
jar. The fumes gradually dissolve 
in the water. In the meantime, the 
water rises in the jar to take the 
place of the oxygen which has 
been used up. Measurement shows 
that the water rises to about one- 
fifth the height of the jar, which 
fact indicates the approximate 
volume of oxygen in the air. The 
gas above the water in the upper 
four-fifths of the jar is mostly 
nitrogen. This can be proved by 
passing it over heated magnesium. 
Magnesium nitride, MggNo, is 
formed. 



Fig. 180 . Burning phos- 
phorus in air. As the oxy- 
gen o£ the air unites with 
the phosphorus, the water 
rises in the jar. The height 
to which the water rises is 
equal to the volume of oxy- 
gen consumed. 


The presence of carbon dioxide in the air is easily shown by 
allowing air to come in contact with some filtered limewater. 
In a short time, a film of milky appearance will form on the 
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surface of the limewater. This is a characteristic test for car- 
bon dioxide. Nitrogen, oxygen, and carbon dioxide account 
for more than 99 percent of the composition of the atmosphere. 
The remaining fraction of 1 percent consists of the so-called 
rare gases, discussed in a later section of this problem. 

217. Why air is believed to be a mixture. We know that 
every pure compound has a definite composition. The com- 
position of the air is so uniform that we might be led to think 
that it is a compound. The following facts, however, are con- 
clusive evidence that the air is really a mixture: 

1. However uniform the composition of the air may be, it 
does vary slightly in different localities. The composition of a 
compound never varies. 

2. If we mix the various components in the same propor- 
tions in which they occur in air, there is no indication that any 
chemical change takes place. 

3. The solubilities of oxygen and nitrogen vary when air is 
dissolved in water. This shows that the ratios between nitro- 
gen and oxygen differ from those present in air. The composi- 
tion of a compound is not altered by dissolving it in water. 

4. When the pressure is released from liquefied air, nitrogen 
boils off first, leaving the liquid oxygen. The vapor from a 
compound has the same composition as that of the compound. 

Other evidence could be introduced in support of our state- 
ment that air is a mixture, but the facts already given are 
quite sufficient to prove it. 

218. Why air has a uniform composition. We may well 
raise the question as to why the composition of the air is so 
uniform. It is common knowledge that we are continually 
using oxygen for breathing and for burning, and that certain 
industrial gases are being poured into, the atmosphere. Why, 
then, is the composition of the air not changed? In the first 
place, the quantity of air is so vast that any changes which 
take place locally are soon equalized by the action of the winds. 
In the second place, those processes which tend to change the 
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composition of the air are counterbalanced by those processes 
which tend to keep it uniform. For example, the processes of 
respiration, combustion, and decay all give up carbon dioxide to 
the air. On the other hand, plants utilize carbon dioxide, which 
they obtain from the air, and give up oxygen. The weathering 
of rocks also consumes carbon dioxide from the air. This 
recurring sequence of events, in which certain processes re- 



move oxygen and contribute carbon dioxide to the air while 
plants consume carbon dioxide and contribute oxygen to the 
air, is referred to as the carbon dioxide-oxygen cycle in nature. 
The processes by means of which the amount of nitrogen in 
the air is maintained at a uniform quantity is explained in 
Problem 5 of this unit. 

219. Air conditioning. The desirability and necessity of 
regulating or controlling the condition of the atmosphere has 
been recognized and practiced by certain industries for many 
years. For example, it was found that variations in tempera- 
ture and in the moisture content of the air caused shrinkage 
and expansion of paper. This caused a great deal of difficulty 
in printing-plants. This difficulty was eliminated when the 
temperature and the moisture content were controlled. 



THE NITROGEN FAMILY 


373 


The general public first became conscious of efforts to con- 
trol temperatures through the practice of cooling moving pic- 
ture theaters in extremely warm weather. It soon became 
evident that merely cooling the air was not sufficient to produce 
a feeling of comfort. A careful study indicated that it was 
necessary to take several factors into consideration. 

It is now generally recognized that the following conditions 
are necessary for air conditioning which is conducive to health 
and comfort: 

(1) Temperature control. This means heating the air in 
winter, and cooling it in summer so as to maintain a uniform 
temperature of about 70° F. 

(2) Moisture control. Scientists are agreed that a moisture 
content of from 40 to 45 percent is desirable. This means 
that in the summer when the humidity is high, the quantity 
of moisture which is present in the air must be lessened before 
it enters the rooms of the building. By similar reasoning, in 
the winter when the humidity is low, moisture must be added. 

(3) Cleanliness. One way by means of which this is ac- 
complished is to wash the dust and dirt out of the air by forc- 
ing it through water. Another way to cleanse the air is by 
filtering it through glass wool, or other similar substances. 

(4) Distribution. The air should be adequately distributed 
and kept in circulation. 

An ideal situation would be one where each of these condi- 
tions was automatically controlled. Such a building would be 
air conditioned. A growing appreciation of the value of air 
conditioning is taking place in the minds of the general public 
and this industry promises to assume very large proportions, if 
indeed it has not already done so. 

220. Liquid air. In our study of oxygen, we learned that 
the commercial method for the preparation of this element was 
by the liquefaction of air. Liquid air also supplies large quan- 
tities of nitrogen to industry, so that the process of liquefying 
air is an important one. These gases are easily separated from 
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each other by fractional distillation because they have different 
boiling points. ' 

In order' to liquefy a gas, it must be subjected to pressure. 
Since pressure results in the liberation of heat, and , since a gas 



Fig. 182, Liquefaction of air. Purified air is subjected to 
great pressure. Heat resulting from the compression of the 
air is carried off by cold water. The air then makes its way 
to the liquefying apparatus which consists of a double metal 
tube. A portion of the air is allowed to escape into the 
outer tube. This cools the air in the inner tube and assists 
in its liquefaction. Thus the air helps to liquefy itself. 

will not liquefy above its critical temperature, both pressure 
and cooling are often necessary at the same time. Air from 
which the carbon dioxide has been removed is subjected to a 
pressure of about 200 atmospheres, during which the heat of 
compression is conducted away by cold water. It is well known 
that when the pressure to which gases have been subjected is 
released, the gases expand very rapidly and, at the same time, 
become very much cooler. By an ingenious arrangement in 
the liquid-air machine, part of the air which has been sub- 
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jected to pressure is released and conducted through a jacket 
surrounding the condensing coil, where it cools the remainder 
of the gases and assists in their liquefaction (Fig. 182). This 
is the process of which it is said the air helps to cool itself. 

Because of the rapidity with which liquid air evaporates, 
special containers are necessary for it. Dewar invented a 
double-walled flask and removed the air from the space between 
the walls. Because a vacuum is 
a very poor conductor of heat, he ^ 

was able to keep liquid air in //~i\ 
such containers for a consider- jf | 
able length of time. The vacuum 
bottle is constructed on the same ^ 

principle as the Dewar flask ff 

(Fig- 183). 

221. The rare gases. Argon, ^ JJ 

helium, neon, krypton, and xenon 1 

are known as the rare gases be- V=s4 
cause Ihey exist in such small vacuum BomE dewar fusk 
proportions in the atmosphere. Fig. iss. The vacuum bottle 
For some time after their dis- 
covery, the most interesting thing 

about these gases was the manner in which they were discov- 
ered and isolated in. sufficient quantities to determine their 
properties. All of these gases are characterized by their 
chemical inertness. They are described in the following para- 
graphs. 

( 1 ) Argon. The fact that nitrogen obtained from ammonium 
nitrite had a slightly lower density than nitrogen obtained from 
the air led to the belief that there were other substances pres- 


ent in the air. Through the experiments of Lord Rayleigh 
(Fig. 184) and Sir William Ramsay (Fig. 185), argon was 
discovered. They separated the oxygen, carbon dioxide, and 
water vapor from air, and then heated the remaining nitrogen 
with magnesium. After all the nitrogen was used up, they 
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Still had a residual quantity of a gas left, and they named it 
argon. 

It is evident that the concentration of argon in liquid air 

would be greater than that 
in ordinary air. This fact 
is utilized in obtaining argon 
from liquid air. Large quan- 
tities of argon are used in 
filling electric lamps, in 
which it not only retards the 
evaporation of the filaments 
but also enables them to 
glow with greater brilliancy. 

(2) Helium. In 1868, 
Lockyer, by means of the 
spectroscope, discovered the 
presence of helium in the 
sun. Ramsay, in search of 
rare gases from certain min- 
erals, discovered that the 
mineral known as cleveite 
evolved a gas when treated 
with acids. The spectrum 
of this gas was identical with 
that observed by Lockyer. In 1895, Ramsay discovered that 
helium was one of the constituents of the atmosphere. 

Helium is now obtained chiefly from certain natural gas 
wells in Texas. Its very low boiling point, —268.9° C., makes 
it possible to liquefy the gases in which it is found and thus 
to effect a separation of the helium from the other gases. 
Helium is non-inflammable and because of this property it is 
utilized in dirigibles, even though it is slightly heavier than 
hydrogen. The freezing point of helium is —272.2° C. 

(3) Neon, krypton, and xenon. Ramsay discovered these 
gases by subjecting to fractional distillation the residue re- 
maining after oxygen, nitrogen, carbon dioxide, and water 



Courtesy Nobel Foundation 

Fig. 184. Sir William Rayleigh 
(1842-1919). An English physi- 
cist and professor, recipient of 
the Nobel prize in physics in 
1904, and co-discoverer of argon. 
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Fig. 185. Sir William Ramsay 


From the Lyman Churchill Newell 
History of Chemistry Collection of 
Boston University 
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(1852-1916). An English chem- 
ist and professor of chemistry 
whom we remember particularly 
for his work with the rare gases. 
In 1895 he discovered helium, 
and later in collaboration with 
other scientists he discovered 
neon, xenon, krypton, and argon. 
He received the Nobel prize in 
1904. 


Fig. 186. Daniel Rutherford 
(1749-1819). A Scottish scientist 
who, although trained in medi- 
cine, presented a thesis at the 
time of his graduation announc- 
ing the discovery of nitrogen. It 
is interesting to note that Scheele 
and Cavendish * were also inde- 
pendent discoverers of nitrogen, 
but Dr. Rutherford is generally 
regarded as the one to whom 
credit for the discovery should 
be given. 


signs has become commonplace. No uses for kr}^ton and 
xenon have as yet been discovered. 

222. Nitrogen. In 1772, Doctor Daniel Rutherford, Pro- 
fessor of Botany in the University of Edinburgh (Fig. 186), 
recognized nitrogen as a distinct substance. He found that 
when carbon was burned in a given volume of air, a certain 
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amount of the air remained after the resulting carbon dioxide 
had been removed with potassium hydroxide. He named the 
new element azote, but it was subsequently called nitrogen 
when it became known that it was a constituent of niter, KNO3. 

Nitrogen occurs uncombined in the atmosphere. In 100 
volumes of air, there are about 78 volumes of nitrogen. It has 
been estimated that there are twenty million tons of nitrogen 
over every square mile of the earth’s surface. In combined 



Fig. 187. Preparing nitrogen by passing air 
over heated copper. 


form, nitrogen is a constituent of all plant and animal life. It 
is the essential constituent of a very important group of com- 
pounds called proteins. Sodium nitrate, NaNOs, and potas- 
sium nitrate, KNfOs, are two important compounds of nitrogen 
which occur in nature, the former being known as Chile salt- 
peter and the latter simply as saltpeter. 

223. Preparation of Nitrogen. Nitrogen may be obtained 
from the air, or from certain nitrogen compounds. 

(1) Preparation of nitrogen from air. When dry air is’ 
allowed to flow over heated copper, the oxygen unites with the 
copper to form copper oxide, and the nitrogen passes through 
and can be collected by displacement of water (Fig. 187). 
Phosphorus may also be used for the preparation of nitrogen 
from air, since it unites very readily with oxygen. Copper 
and phosphorus are convenient substances to use in preparing 
nitrogen, since the products of their oxidation are solids which 
will not mix with the nitrogen. 
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On a large scale nitrogen is obtained, commercially by 
liquefying air. Since the nitrogen has a lower boiling point 
than oxygen, it volatilizes over first, as soon as the pressure 
is released, leaving the oxygen. The fact that there is a large 
commercial demand for oxygen makes this method for prepar- 



(2) Preparation of nitrogen from compounds. It has been 
pointed out that there are other gases in the air besides nitro- 
gen and oxygen, so that the nitrogen obtained by the methods 
described above is not pure. In order to obtain pure nitrogen, 
it is necessary to prepare it from its compounds. A mixture 
of sodium nitrite and ammonium chloride is generally used for 
this purpose (Fig. 188). Double displacement occurs with 
the formation of ammonium nitrite and sodium chloride. The 
ammonium nitrite is so unstable, however, that it decomposes 
at a gentle heat into nitrogen and water. The following equa- 
tions illustrate the reactions; 

(1 ) NaCNO.) -f (NH4) Cl (NH4) (NO2) -f NaCl 

(2) (NH4)(N02)-^N2t+2H20 

224. Properties o£ nitrogen. (1) Physical poperties. 
Nitrogen is a colorless, odorless, tasteless gas, which is only 
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slightly soluble in water. Since one liter, under standard con- 
ditions, weighs 1.2 S grams, it is a little lighter than oxygen. 
Under sufficiently high pressure and low temperature, it 
may be liquefied to a colorless liquid which has a boiling 
point of —195.8° C. Subjected to still lower temperatures, 
liquid nitrogen has been converted into an ice-like solid at 
—209.86° C. 

(2) Chemical properties. At ordinary temperatures, nitro- 
gen is an inactive element. This fact accounts for its uncom- 
bined condition in the atmosphere. At very high temperatures, 
it becomes quite active and unites with many elements to form 
compounds called nitrides. When air is passed through the 
intensely high temperature of an electric arc, the nitrogen 
and oxygen unite to form nitric oxide, NO. Electric sparks 
passed through a mixture of nitrogen and hydrogen will cause 
these two elements to unite to form ammonia, NH3. Under 
suitable conditions of temperature and pressure, in the pres- 
ence of a catalyst (Haber process), nitrogen and hydrogen 
will also unite to form ammonia. Nitrogen will unite with 
heated calcium carbide to form calcium cyanamide, CaCN2. 
The importance of these reactions of nitrogen are explained in 
later sections of this unit. 

225. Uses of nitrogen. The last few years have witnessed 
a decided increase in the use of free nitrogen. Very large 
quantities are utilized in the production of ammonia by direct 
synthesis with hydrogen. As explained in Section 234, the 
ammonia can be oxidized to nitric acid, large quantities of 
which are required by industry. To a smaller extent, nitrogen 
is used in the preparation of calcium cyanamide, CaCN2. The 
amount of nitrogen required for the production of ammonia 
and calcium cyanamide is well in excess of one million tons per 
year. Certain types of electric lamps are filled with nitrogen, 
and the space above the mercury in some thermometers is 
filled with nitrogen to prevent the evaporation of the mercury 
when readings of 300° to 500° are made. 
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Problem, Summary Exercises that Everyone Should Do 
L Describe the composition of the atmospliere. 

2. Describe chemical methods for determining the three major 
constituents of the air. 

3. Give several reasons for believing that air is a mixture. 

4. Why does the air have a uniform composition? 

5. What factors need to be taken into consideration in the prob 
lem of air conditioning for homes? 

6. How is air liquefied? 

7. Describe the Dewar flask. What is its modern counterpart? 

8. Name the rare gases. How were argon and heliurn dis- 
covered? 

9. What are the uses of argon, helium, and neon? 

10. By whom and in what year was nitrogen discovered? 

11. Describe the occurrence of nitrogen in both the free and com- 
bined forms. 

12. How may nitrogen be prepared from air? From its com- 
pounds? 

13. What are the physical properties of nitrogen? 

14. Describe the chemical properties of nitrogen. 

15. What are some uses of free nitrogen? 

PROBLEM 2: HOW IS AMMONIA PREPARED AND 

USED? 

Problem Assignment. Ordinary household ammonia 
is known to many people because of its use as a cleansing 
agent. It is made by dissolving ammonia gas, NHg, in 
water. It is this gas that we smell when the stopper from 
a bottle of household ammonia is removed. Some of the 
ammonia escapes from its solution and we are aware of its 
presence because of its sharp, penetrating odor. The use 
of ammonia as a cleansing agent is a minor one and is men- 
tioned here only for the purpose of identifying this com- 
pound. Ammonia has assumed a position of great impor- 
tance, mainly because it provides combined nitrogen for 
agriculture and for industry. Because of its importance, 
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we shall study the various methods by means of which am- 
monia is prepared, what its properties are, and for what it 
is used. 

226. History of ammonia. Because ammonia is a decom- 
position product of nitrogenous organic matter, it must have 
been known and recognized for a long time. It was not until 

1774, however, that 
Priestley separated and 
described it as a dis- 
tinct substance. He 
called it “alkaline air.’" 
Its exact composition 
was determined in 1785 
by Berthollet. It later 
received the name am- 
monia from sal am- 
moniac, a compound 
from which it is easily 
prepared. When deer 
were much more numer- 
ous than they now are, the horns which they shed were col- 
lected in considerable quantity. When these horns were 
heated, one of the products of their decomposition was am- 
monia. That is why household ammonia was at one time 
called “spirits of hartshorn.” 

227. How ammonia is prepared. In the laboratory, am- 
monia is most conveniently prepared by the reaction between 
an ammonium salt and a suitable base (Fig. 189). The sub- 
stances which are frequently used for this purpose are am- 
monium chloride, (NH4)C1, and slaked lime, Ca(OH) 2 . The 
equation for the reaction follows: 

(1) 2(NH4)Ci -1- Ca(OH) 2 -^ 2 (NH 4 ) (OH) -f CaCla 

The ammonium hydroxide which is formed is unstable and 
breaks down into ammonia and water: 



Fig. 189. Laboratory preparation of 
ammonia. 


( 2 ) 


(NH4)(0H)->NH3t-l-H20 
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On a large scale commercially, most of the ammonia for 
many years has been obtained as a by-product from soft coal 
in the manufacture of coal gas and coke. The coal is subjected 
to destructive distillation (heating in the absence of air), and 
ammonia, as well as other gases, is given off in this process. ' 
The ammonia is separated 
from the other products by 
solution in water. It can 
then be converted into am- 
monium salts by the addition 
of acids. Ammonia does not 
exist as a compound in soft 
coal, but the hydrogen and 
nitrogen, which are present 
in the coal, unite under the 
influence of high temperature 
to form ammonia. The need 
of coke for industrial proc- 
esses and for fuel, as well as 
the need for coal gas, means 
that coal will continue to sup- 
ply us with a considerable 
quantity of ammonia for 
some time to come. Other 
processes, however, are as- 
suming major importance in 
the production of ammonia. 

228. The Haber process. This process, named after its 
inventor. Professor Fritz Haber of Germany (Fig. 190), was 
first successfully achieved in 1913, shortly before the Great 
War. It consists essentially of the direct syntliesis of nitrogen 
and hydrogen at a pressure of 200 atmospheres and a tempera- 
ture of 500° C. (Fig. 191). It is necessary to have a suitable 
catalyst, consisting of finely divided iron to which oxides of 
aluminum and potassium have been added. Under these con- 
ditions, the nitrogen and hydrogen unite to form ammonia: 

NHst 



Courtesy “JouiTial of Chemical Education' * 


Fig. 190. Dr. Fritz Haber (1868- 
1935), A German chemist and 
teacher of chemistry, awarded the 
Nobel prize in chemistry in 1918, 
and inventor of the process for 
synthesizing ammonia from nitro- 
gen and hydrogen. 
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The ammonia formed in this manner is either absorbed in 
water or is removed by cooling, while any unused nitrogen and 
hydrogen are returned to the apparatus to be again subjected 
to the influence of the catalyst. The nitrogen for this reaction 
is obtained from the liquefaction of air, while the hydrogen is 
obtained from water (Fig. 192). 

229. The cyanamide process. This process is based on 



Fig. 191. A “flow chart” of the commercial preparation of 
ammonia. 

the capacity of calcium carbide to unite with free nitrogen to 
form a compound known as calcium cyanamide. Calcium 
carbide is a product of the electric furnace. Under the in- 
fluence of the very high temperature produced in this type of 
furnace, calcium oxide unites with carbon: 

(1) CaO + 3C-»CaC2 + COt 

Nitrogen obtained from liquid air is then passed over the 
calcium carbide at a temperature of about 1100° C., under 
which condition the cyanamide is formed: 
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(2) CaCa + Ns-^CaCNa + C 

The next step in the process is to heat the cyanamide with 
steam under pressure in so-called autoclaves, which results in 
the formation of ammonia; 

(3) CaCNa -f 3 HaO -» CafCOs) + 2 NHs t 

Not all the cyanamide formed under these conditions is con- 
verted into ammonia, some being used directly for fertilizer. 

The Haber process and its 
modifications, and the cyana- 
mide process, insure an inde- 
pendent and unfailing supply of 
combined nitrogen. The best 
evidence of the success of these 
methods is the ever-increasing 
quantities of combined atmos- 
pheric nitrogen which our coun- 
try is producing. 

230. Properties of am- 
monia. (1) Physical proper- 
ties. One of the striking physi- 
cal properties of ammonia is its 
extreme solubility. At ordinary 
room temperatures, one vol- 
ume of water will dissolve about 
700 volumes of ammonia. At 
0° C., one volume of water will 
dissolve more than 1200 vol- 
umes of ammonia. Ammonia gas is easily expelled from solu- 
tion by heating. 

(2) Chemical properties. Ammonia will unite directly with 
acids to form the corresponding ammonium salts: 

NHg-f HCi-»(NH 4 )Cl 
NHs -1- H(NOs) (NH 4 ) (NOs) 

2 NHs + H2(S04) (NH4)2(S04) 



Gourtesy “The Du Pont Magazine'’ 


Fig. 192. A high-pressure com- 
pressor used in making am- 
monia. Ammonia is made from 
the most abundant o£ all raw 
materials— air and water. 
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Ammonia unites with water to form the basic solution, ammo- 
nium hydroxide: 

NHs + (NH^XOH) ^ (NH4)+, (OH)- 

Since ammonium hydroxide has all the characteristics of a 
base, it will neutralize acids to form ammonium salts and 
water: 

2(NH4) (OH) -h H2(S04) -» (NH4)2 (SO4) -f- 2 H^O 
(NHi) (OH) -f HCl (NHilCl -f H2O 

Ammonia is a rather stable compound at ordinary tempera- 
tures, but it is readily decomposed into its elements when 
heated. In fact, high temperatures modify the chemical prop- 
erties of ammonia to a considerable extent. When heated, 
ammonia will unite with magnesium and other metals to form 
•nitrides, such as MgaN^: 

3 Mg + 2 NH3 MgsNs -f 3 Ha t 

At high temperatures, ammonia is also easily oxidized. As we 
shall see later, this reaction is an important one in the prepa- 
ration of nitric acid. Since ammonia can be oxidized, it may 
act as a reducing agent. Thus, when ammonia is passed over 
heated copper oxide, the copper oxide is converted to metallic 
copper: 

2 NH3 -f 3 CuO -> 3 Cu -f Na t + 3 HjO 

231. Uses of ammonia. Ammonia is now the most im- 
portant raw material for the Ostwald process of manufacturing 
nitric acid (Sec. 234). Another important use of ammonia is 
in the preparation of sodium carbonate by the Solvay process 
(Sec. nS). Other uses are for the preparation of household 
ammonia, for the preparation of ammonium salts, for refrigera- 
tion, and in the manufacture of ice. 

232. Manufacture of ice; refrigeration. Ammonia is 
used for the manufacture of ice and for purposes of refrigera- 
tion chiefly because it is easily liquefied. After liquefaction. 



THE NITROGEN FAMILY 


387 


the ammonia is allowed to evaporate in pipes which are sur- 
rounded by brine. Placed in the brine are large rectangular 
cans which contain the water that is to be changed into ice. 
The rapidly evaporating liquid ammonia absorbs a great deal 
of heat from the brine and lowers its temperature below the 



Fig. 193. Manufacture of ice by ammonia refrigeration. After 
the ammonia is compressed and cooled it is allowed to evaporate 
in pipes surrounded by brine. Cans containing water are im- 
mersed in the brine. The brine having a temperature lower than 
the freezing point of water, causes the water to freeze. 

freezing point of water (Fig. 193 ). For refrigeration, the same 
procedure is employed, except that the pipes in which the 
liquid ammonia evaporates are placed in storage rooms or com- 
partments from which the heat is absorbed. 

233. Ammonium salts. ( 1 ) Composition and uses. A 
general method for the preparation of ammonium salts has al- 
ready been given in connection with the chemical properties 
of ammonia. It will be observed that all ammonium com- 
pounds are characterized by the (NH 4 ) group. This radical 
has never been isolated, all attempts to do so having resulted 
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in its decomposition. In chemical change, the (NH4) radical 
behaves like a metal. A brief table of some of the more im- 
portant ammonium salts and their uses follows. 


TABLE 20 

Some Ammonium Salts 


Name 

Formula 

Uses 

.Ammoniiiin ■ sulfate 


Fertilizer 

Ammonium chloride 

(NH^)Cl 

Making dry cells 
Soldering 

Ammonium nitrate 

(NH^)(N 03 ) 

Making explosives 

Ammonium bicarbonate 

(NH^XHCOp 

Baking crackers 

Ammonium calcium 
phosphate 

(NHp^CatPO,)^ 

Added constituent of 
fertilizers 

Ammonium phosphate 

(NH^)3(P0,) 

Fireproofing 


(2) Test jor ammonium salts. The reaction between one of 
the common bases and an ammonium salt is the basis on which 
the test for ammonium salts is made. For example, some 
sodium hydroxide could be added to the unknown and the 
mixture heated gently. The evolution of a gas with a pungent, 
penetrating odor, and the change of moistened red litmus to 
blue in the presence of this gas would indicate that the gas is 
ammonia and that the unknown is an ammonium compound. 


Problem Summary Exercises that Everyone Should Do 

1. Give a brief history of ammonia. 

2. How may ammonia be prepared in the laboratory? 

3. Describe how ammonia is obtained from soft coal. 
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4. How is ammonia prepared by the Haber process? 

5. Beginning with calcium oxide, describe, by means of equa- 
tions, how ammonia is prepared by the cyanamide process. 

6. What are the physical properties of ammonia? 

7. Write at least three equations showing how ammonium salts 
may be prepared. 

8. Illustrate, by means of an equation, how ammonia may act 
as a reducing agent. 

9. Define the term “nitrides.” 

10. Name several industrial processes for which ammonia Is es- 
sential. 

11. Explain how ammonia is used in making ice; in refrigeration. 

12. Name at least five ammonium salts and their uses. 

13. How may one determine the presence of an ammonium salt 
in an unknown substance? 

PROBLEM 3: HOW IS THE MOST IMPORTANT ACID 
OF NITROGEN MADE AND USED? 

Problem Assignment. The history of nitric acid ex- 
tends back many generations. It was probably known to 
the ancient Egyptians. The alchemist Geber, who lived in 
the eighth century, wrote that he made it by distilling a 
mixture of ferrous sulfate, potassium nitrate, and alum. 
Glauber, who lived in the seventeenth century, is believed 
to have originated the method by which nitric acid is still 
made in our laboratories. Nitric acid was used by the 
alchemists as a means of separating gold and silver, and 
was referred to as aqua fortis. Today it is one of the three 
most important mineral acids ; the other two, as we already 
know, are sulfuric acid and hydrochloric acid. Because of 
its far-reaching importance, we shall present, in detail, the 
methods by means of which nitric acid is prepared, its 
properties, and its uses. 

234. How nitric acid is prepared. (1) Laboratory 
method. In the laboratory, nitric acid is prepared by the re- 
action between concentrated sulfuric acid and sodium nitrate. 
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The sodium nitrate and concentrated sulfuric acid are placed 
in a retort, as shown in Figure 194, and the mixture is heated 
gently. The vapor of nitric acid volatilizes over and is con- 
densed by cold water. The equation for the reaction is: 

NafNOs) -f HaCSOi) ^ HfNOa) t + NafHSOi) 

This preparation illustrates, once more, the use of concentrated 
sulfuric acid in making other acids, because it furnishes H* ions 



Fig, 194. Laboratory preparation of nitric 
acid. 


■ and has a very high boiling point, 338° C. On the other hand, 
nitric acid has a relatively low boiling point, 86° C., and its 
vapor passes out of the retort, enabling the reaction to go to 
completion. Up until recent years, this was also the com- 
mercial method for preparing nitric acid, but other methods are 
now superseding it. 

(2) From ammonia (the Ostwald process). This method 
promises to be the most important commercial process for the 
manufacture of nitric acid, if it has not already attained that 
distinction. A mixture of ammonia gas and air is passed 
through a fine-meshed platinum gauze at a temperature of 
about 750° C. Under the influence of the heated platinum 
catalyst, the ammonia is oxidized to nitric oxide and water: 

(1) 4NH34-S02-»4N0t + 6H20 
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After passing through the platinum gauze, the nitric oxide 
unites spontaneously with additional oxygen to form nitrogen 
peroxide: 

(2) 2N0 + 02-^2N02t 

The last step in the process consists in the absorption of the 
nitrogen peroxide with water, with which it unites to form nitric 
acid: 

(3) 3N02 + H20-»2HN03 + N0t 

The nitric oxide formed in reaction (3) is again oxidized to 
nitrogen peroxide, as shown in reaction (2), and the process 
repeated. A more simple equation indicating only the reacting 
substances and the end products of the Ostwald process fol- 
lows: 

NHa + O 2 HNOs 4- H 2 O 

(3 ) Tke arc process. In this process, developed in Norway, 
air is passed through a large electric arc. This results in the 
formation of colorless nitric oxide, NO: 

N2 + 02->2N0 

The nitric oxide then oxidizes to form brown nitrogen peroxide: 
2N0 + 02-»2N02 

Nitrogen peroxide and water unite to form a mixture of nitrous 
and acids; ultimately, however, nitric acid is the result: 

2 NO 2 + H 2 O HNO 3 -f HNO 2 
NO 2 + HNO 2 HNO 3 + NO 

This process is not practical in our country because the con- 
sumption of electrical energy is so high. 

235. Properties of nitric acid. (1) Physical properties. 
When pure, nitric acid is a colorless liquid having a density of 
1.502, and a boiling point of 86° C. It is often colored yellow 
because of the presence of dissolved nitrogen peroxide which 
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results from a partial decomposition of the acid. The ordi- 
nary concentrated nitric acid of commerce is an aqueous solu- 
tion containing about sixty-eight percent by weight of hydrogen 
nitrate, and having a density of 1.4. 

(2) Chemical poperties. Nitric acid is not a very stable 
compound. It decomposes slowly in the presence of sunlight, 
and much more rapidly when heated. The following equation 
shows its decomposition products: 

4 H(N03) 2 H 2 O -f 4 NO 2 1 + O 2 1 

Nitric acid is highly corrosive, causing painful sores. In di- 
lute solution it gives a yellow color to the skin and other pro- 
tein materials, such as wool, silk, fingernails, and quills. In 
fact, the formation of this yellow color with nitric acid is often 
used as a test for proteins. 

Because it dissociates to such a great extent, nitric acid is 
one of the strongest acids we have: 

HfNOs) <^H+, (NO3)- 

Nitric acid turns blue litmus red, neutralizes bases, reacts 
with certain salts to form the corresponding nitrates, and reacts 
with most metals: 

Reaction of Nitric Acid with Bases 

H(N 03 ) -1- Na(OH) -^NaCNOs) -f HOH 

Reaction of Nitric Acid with Salts 

2 HCNOa) + CafCOa) Ca(N 03)2 + CO 2 1 + H 2 O 

Reaction of Nitric Acid with Metals 

3 Cu + 8 HCNOa) 3 Cu(N 03)3 + 4 H 2 O + 2 NO f 

The reaction between copper and nitric acid, as represented 
above, may be regarded as a typical one, although the products 
may vary depending upon the conditions. Some conditions 
which affect the nature of the reaction between metals and 
nitric acid are (1) the position of the metal in the activity 
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series, (2) the concentration of the acid, and (3) the tempera- 
ture. Generally, with dilute acid and a metal, nitric oxide, 
NO, a colorless gas, is formed; but with concentrated acid, 
nitrogen peroxide, NOg, a reddish-brown gas, is formed: 

4H(N03) -f Cu-»Cu(N03)a + 2H20-f-2N02t 

The reaction between concentrated nitric acid and tin differs 
from that of other metals. A white, insoluble compound, called 
meta-stannic acid, H 2 Sn 03 , is formed instead of the usual ni- 
trate: 

Sn -f 4 H(N03) HaCSnOs) -f HsO + 4 NOa t 

A simple calculation will show that oxygen constitutes more 
than seventy-six percent by weight of nitric acid. For this 
reason, and because nitric acid decomposes easily, it is a pow- 
erful oxidizing agent. For example, when a few drops of con- 
centrated nitric acid are poured on glowing charcoal, the char- 
coal burns brilliantly: 

4 H (NO 3 ) -j- C 4 NGa t -I- CO 2 1 + 2 HaO 
Sulfur is converted to sulfuric acid when boiled in nitric acid: 
6 H(N03) -f S 6 NO 2 1 + HafSOi) -f 2 H 2 O 

236. Aqua regia. A mixture of concentrated nitric and 
hydrochloric acids is known as aqua regia. The proportion 
generally used is one volume of nitric acid to three volumes 
of hydrochloric acid. Such a mixture will dissolve gold or 
platinum. The nitric acid oxidizes the hydrochloric acid to 
liberate nascent chlorine and nitrosyl chloride, NOCl: 

HfNOs) -f 3 HCl-^ CI 2 1 + NOCl + 2 H 2 O 

The chlorine so liberated unites with gold, platinum, and other 
metals to form chlorides. Aqua regia was well known to the 
alchemists for its solvent action upon gold. The name has 
its origin in the Latin and means “royal water,” so called, per- 
haps, because gold was considered the king of metals. 
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TABLE 21 


Some Nitrates and Their Uses 


Name 

Formula 

Uses 

Sodium nitrate 

NaCNOg) 

Making nitric acid 
Fertilizer 

Potassium nitrate 

^.(NOg) 

Making gunpowder 
Fireworks 

Preservative for meats 

Ammonium nitrate 

(NH^)(N 03 ) 

Making explosives 
Making nitrous oxide 

Barium nitrate 

Ba(N 03)3 

Fireworks 

Green signal lights 
Powerful oxidizing agent 

Strontium nitrate 

Sr(N 03)3 

Fireworks 

Red signal flares 

Silver nitrate 

Ag(N 03 ) 

Making photographic 
films 

Powerful oxidizing agent 
Medicine 


237. Salts of nitric acid. Salts of nitric acid are known 
as nitrates. The general methods for the preparation of salts 
as given in Section 133 are applicable for making nitrates. 
Some of these methods have again been indicated in connection 
with the description of the chemical properties of nitric acid. 
Most nitrates are soluble in water. They decompose on heat- 
ing. One interesting example of the decomposition of a nitrate 
by heating is in the preparation of nitrous oxide, N 2 O, some- 
times referred to as “laughing gas,” and used as an anesthetic 
in minor surgery and in dentistry: 
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SOLUTION OF UNKNOWN 
AND FERROUS SULFATE 
8ROWN RING 
SULFURIC ACID 


(NH 4 ) (NO 3 ) N 2 O t + 2 H 2 O 

Nitrates constitute one of the most important groups of com- 
pounds known. Some nitrates and their uses are shown in 
Table 21. 

238. Test for the nitrate ion. The unknown substance is 

first put into solution, after which a little freshly prepared solu- 
tion of ferrous sulfate is added. , . 

Some concentrated sulfuric acid is 
then poured down the side of the in- 
clined test tube in such a manner 
that it will not mix with the contents 
of the tube. When this is carefully 
done, the heavier concentrated sul- 
furic acid forms a distinct layer Fig. 195. Brown ring test 
below the mixed solution. If a for nitrate 10 ns. 

brown ring forms where the two liquids meet, the presence 
of the nitrate ion is indicated (Fig. 195). This constitutes a 
delicate test for nitrate ions, which means that the test is a 
positive one even though the nitrate ions are present in very 
small amounts. 

239. Uses of nitric acid. The use of nitric acid in the 
preparation of soluble nitrates for fertilizers has already been 
indicated. Other important uses are in the manufacture of ex- 
plosives; artificial silk, such as rayon; photographic supplies; 
dyestuffs; sulfuric acid; celluloid; cellophane; collodion; 
lacquers and enamels; and medicines. This enumeration is 
by no means exhaustive, but will suffice to show the importance 
of, and the many applications for, nitric acid. 

240. Manufacture of explosives from nitric acid. In 
spite of the many industrial applications of nitric acid, it has 
been estimated that seventy-five percent of its total produc- 
tion is used in the manufacture of explosives. The names of 
the explosives nitroglycerin, nitrocellulose, trinitrotoluol, and 
trinitrophenol suggest the relationship to nitric acid. As we 
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shall see, an explosive may be either a liquid or a solid. The 
explosion results from the almost instantaneous chemical con- 
version of these substances into gases having a volume many 
times greater than that of the original material. 

(1) Nitroglycerin IS made by the reaction between glycerin 

and nitric acid in the presence 
of concentrated sulfuric acid. 
The sulfuric acid is a dehy- 
drating agent that removes 
the water which forms in the 
reaction: 

C3H5(0H)3 -f 3 HCNOg) 
C3H5(N03)3 + 3 HaO 

It is essential that the tempera- 
ture be carefully controlled in 
the process. 

Nitroglycerin is an oily li- 
quid, characterized chiefly by 
its instability. It is so sensitive 
to jar and shock that the han- 
dling of it constitutes an ever- 
present danger, because it ex- 
plodes with terrific violence. 
Alfred Nobel (Fig. 197), who 
fo^iided the Nobel prizes, dis- 
. _ . covered a method for handlinsr 

nitroglycerin safely by causing it to be absorbed by an inert 
material such as infusorial earth and sawdust. Modifications 
0 Nobel s method consist in the absorption of the nitroglycerin 
by a mixture of sodium or ammonium nitrate and wood pulp 
buch a mixture is known as dynamite. The proportion of its” 
mgredients varies, depending on the purpose for which it is to 
be used._ Large quantities of dynamite are used for blasting in 
engmeenng and industrial projects, and for the clearing of 

iSfdledlS™ dynamite can be 


Oourtesy''''''"Tlie“'jju"^ 

Fig. 196. The manufacture of 
nitroglycerin. The operator 
watches through a glass win- 
dow and controls with extreme 
care the reaction between glyc- 
erin and mixed nitric and sul- 
furic acids. 
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(2) Nitro cellulose. When cellulose (cotton or wood fiber) 
which has been carefully cleaned and dried is treated with a 
mixture of concentrated nitric and concentrated sulfuric acids, 
a substance called nitrocellulose is formed. This process is 
known as nitration, and when thoroughly carried out, pro- 
duces a substance which is 
not only vigorously inflam- 
mable, but which is also 
highly explosive. This prod- 
uct is often referred to as 
guncotton. The chemical ac- 
tion which takes place is sim- 
ilar to that which occurs in 
the preparation of nitro- 
glycerin. After nitration, the 
nitrocellulose is washed to 
remove the acid. In appear- 
ance, guncotton looks very 
much like ordinary cotton. 

It is insoluble in water, alco- 
hol, and ether. It can be ex- 
ploded by detonation or per- 
cussion. It is used in torpe- 
does and mines and in the 
manufacture of certain kinds 
of smokeless powders. 

(3) Trinitrotoluol (TNT). 

When toluene, CvHs, is ni- 
trated, a compound called trinitrotoluol is formed. Its formula 
is C7H.,(N02)3. It melts at 80.7° C., and in this condition is 
conveniently poured into shells. This compound was used ex- 
tensively in the World War for filling high explosive shells. 
TNT is not the most powerful explosive known, but is used 
because it is not easily exploded by shocks involved in trans- 
porting it. 

(4) Picric acid is another explosive which is made by the 
nitration process. When phenol, CsHbOH, is treated with nitric 



From tlie Lyman Ohurehill Newell 
History of 011611118117 Collection of 
Boston tJniTersity 


Fig. 197. Alfred Bernhard Nobel 
(1833^1896). Swedish inventor 
and founder of the Nobel prizes. 
His best-known contribution in 
the field of chemistry was his in- 
vention of dynamite. 
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acid, a compound having the formula C 6 H 30 H(N 02 )s is 
formed. It is sometimes called trinitrophenol. Picric acid is 
a yellow, crystalline solid. Like TNT, it can be melted safely 
and poured into shells. This explosive was also used exten- 
sively in the World War. It is interesting to note that picric 
acid could have been used as a dye to color the flag carried in 
battle, as a germicide to heal soldiers’ wounds, or as an instru- 
ment of death when exploded in shells. 

241. Explosives in industry. Although it has been pointed 
out that about seventy-five percent of the total production of 
nitric acid is used in the manufacture of explosives, and that 
these explosives are used in warfare, we must not overlook the 
importance of their peacetime uses. Explosives are great 
savers of time and labor. They are used extensively in mining 
and quarrying operations; in construction projects where large 
quantities of rock or earth need to be moved; in removing tree 
stumps; in breaking ice or log jams; and in many other opera- 
tions. For these reasons, the manufacture of explosives even 
in times of peace is a thriving industry. Nitramon is the 
name of an explosive characterized chiefly by the safety with 
which it can be handled. It is said to represent the most im- 
portant improvement in explosives since the invention of dyna- 
mite by Nobel. 

242. Other uses of nitrocellulose. A formula for nitro- 
cellulose has not been given because its composition depends 
upon the length of time that the cellulose is acted upon by the 
nitric acid in its preparation. The explosive variety of nitro- 
cellulose contains about thirteen percent nitrogen. If the nitra- 
tion process is controlled so that the nitrogen content is be- 
tween ten to twelve and a half percent, the product is not ex- 
plosive and is soluble in a mixture of ethyl alcohol and ether. 
Such a product is known as pyroxylin. Pyroxylin is the raw 
material from which such products as rayon, photographic 
films, quick-drying lacquers, artificial leather, collodion, and 
celluloid are manufactured. Safety film and cellophane are 
similarly made by treating cotton with acetic acid instead of 
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nitric add; cellulose acetate is slow-burning and not explosive. 

243. Nitrous acid. In order to make the account complete, 
brief mention should be made of one other add of nitrogen. 
When nitrogen trioxide, N2O3, is added to water, a compound 
called nitrous acid is formed: 

N203 + H20-^2H{N02) 

Similarly, when nitrogen pentoxide, N2O5, is added to water, 
nitfic acid is formed: 

N20g + H20--^2H(N03) 

Nitrogen trioxide and nitrogen pentoxide are, therefore, the 
anhydrides of nitrous acid and nitric acid, respectively. Nitrous 
add is an unstable compound. Compared with nitric acid, it 
is relatively unimportant. It is desirable to have some ac- 
quaintance with it, however, because of its salts, which are 
called nitrites. 


Problem Summary Exercises that Everyone Should Do 

1. Give a brief historical description of nitric acid, in which you 
mention Geber, Glauber, the alchemists, and the term aqua forth , 

2. How is nitric acid prepared in the laboratory? Not only 
name the substances used in its preparation, but give the purpose of 
each substance. Write an equation to represent the reaction. 

3. Describe the Ostwald process and the arc process for prepar- 
ing nitric acid. Which of these processes is used in our own country? 

4. Write equations for all reactions involved in the Ostwald 
process. 

5. Describe the physical properties of nitric acid. 

6. Describe the chemical properties of nitric acid, with respect 
to the following topics: (a) behavior in the presence of sunlight or 
when heated; (b) behavior as a strong acid; (c) action as an oxidiz- 
ing agent; (d) action with bases and salts; (e) action with metals. 

7. What is aqua regia, and for what is it used? 

8. Name several general methods for the preparation of nitrates, 
and write an equation for each method. 
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9. Give tjbe names, formulas, and important uses of at least five 
nitrates.' , ■ 

10. How may one test an unknown substance for the presence of 
nitrate Ions?'" 

IL Name some important uses of nitric add. 

12. What industry consumes about seventy-five percent of all the 
nitric acid produced in our country? Name several compounds 
manufactured by this industry. 

13. For what are large quantities of explosives used in times of 
peace? ■■ 

14. Name several well-known and widely used products made 
from nitrocellulose; from cellulose acetate. 

15. What acid forms a corresponding group of salts called 
^^nitrites^’? 

PROBLEM 4: HOW DOES THE BEHAVIOR OF THE 

ELEMENTS IN THE NITROGEN FAMILY SUPPORT 

THE PERIODIC CLASSIFICATION OF THE ELEMENTS? 

Problem Assignment. This unit has so far consid- 
ered nitrogen and some of its important compounds. It is 
by no means our intention, however, to slight some other 
elements which are related to nitrogen, and which are col- 
lectively known as the “nitrogen family.” The remaining 
members of this family are phosphorus, arsenic, antimony, 
and bismuth. There are some decided contrasts in the be- 
havior of these various elements, but in spite of these con- 
trasts, they possess characteristics which enable us to group 
them together. A study of the problem will make this evi- 
dent. 

244. The nitrogen family. The advantages of tabulating 
related facts for the purpose of studying and comparing the 
various elements of a given chemical family are now so well 
understood that they require no further explanation. We 
shall accordingly begin our study of the nitrogen family with 
a table that will enable us to see the relationships between the 
various members (Table 22, page 402), 
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Inspection of this table shows a gradation of properties which 
varies as the atomic weight increases. This gradation is espe- 
cially evident in the following instances: (1) the transition 
from non-metallic elements to metallic, (2) the increase in the 
density, (3) the rise in the melting and the boiling points, and 
(4) the decrease in the strength of the acids until bismuth is 
reached, that element being basic. With certain few excep- 
tions, the similarities in valence and in the types of compounds 
formed are striking. 

Table 22 illustrates again the remarkable contribution which 
the periodic classification has made to our more effective study 
of the elements. It is probable that ultimately the relation- 
ships between the various elements which constitute the nitro- 
gen family would have been discovered. However, the periodic 
classification focused our attention upon the various families 
of elements, and greatly simplifies our study of them. 

245. Discovery of phosphorus. The alchemists’ quest for 
a method of changing base metals into precious ones led to 
much chemical experimentation. Although these experiments 
were not always scientific, they sometimes developed impor- 
tant chemical processes, some of which are still used. On at 
least one occasion, such experimentation led to the discovery 
of an element. The discovery of phosphorus in 1669 is at- 
tributed to the alchemist Brand. He obtained it by heating a 
mixture of sand and urine. Because it glows in the dark, the 
element was named phosphorus, which means “bearer of light.” 

246. Occurrence of phosphorus. Because of its chemical 
activity, phosphorus occurs only in combination. The most 
important source of phosphorus is a mineral called phosphorite, 
which consists largely of calcium phosphate, Ca 3 (P 04 ) 2 . 
Another important mineral of phosphorus is known as 
apatite, whose composition may be expressed by the formula 
Ca 3 (P 04 ) 2 ‘CaFa. These minerals occur in great abundance 
in some of our southern states, notably in Florida, South Caro- 
lina, and Tennessee. These areas are the ones from which 
most of our commercial supply of combined phosphorus is 
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TABLE 22 


The Nitrogen Family 



Nitrogen 

Phosphorus 

j Arsenic 

Antimony 

Bismuth 

Physical state and 

Colorless 

Yellow 

Gray 

Silver- 

Reddish- 

'color' 

gas 

solid 

solid 

white 

solid 

white 

solid 

'Atomic weight 

14.008 

31.02 

74.91 

121.76 

209.00 

Metallic or non- 
metallic 

Non- 

metallic 

Non- 

metaliic 

Slightly 

metallic 

Slightly 

metallic 

Metallic 

Density of solid 

1.026 

1.82 

5.7 

6.684 

9.78 

Melting point 

-209.86*’ C. 

44.1** 

Sublimes 

630.0® 

271.0° 

Boiling point 

-193.8° C. 

280.0® 

613.0° 


■1 

Common valences 

3, 5 

3 , 3 

3, 3 

3 , 3 j 

3, 5 

Formulas of hydro- 
gen compounds 

NH, 

PH3 

ASH3 

SbH3 


Formulas of oxygen 


i PA 

AO 3 



compounds 

N.O, 

P.O= 

AS 3 O 3 

SbA 


Formulas of chlo- 

NCI3 

PCI3 

ASCI3 

SbClg 

BiCl3 

rine compounds 


PCI 5 

AsClj, 

SbCl^ 

BiCl^ 

Common acids 

HNO3 

HNO3 

H3PO3 

H 3 P 0 , 

HAsO, 

H3ASO, 

H. 3 Sb 03 

H^SbO^ 

Base 

Bi(OH )3 

Strength of acid 

Very 

strong 

Less 

strong 

than 

nitrogen 

Weak 

Very 

weak 

Base 
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essential constituent of all living organ- 
isms. A large percent of animal bones and teeth co^sTsHf 



cddum phosphate It is also an important constituent of 
muscle bram, and nerve tissues. Plants need phosphorus 
particularly m the development of fruit and seeds. This indi- 

cates that phosphorus compounds are an essential constituent 
of fertile soils. 


247. Preparation of phosphorus. The electric furnace 
provides the heat necessary in the modern method of convert- 
uig calcium phosphate into phosphorus. A mixture of calcium 
phosphate sand, and coke is heated in a specially designed 
furnace (Fig. 198). The resistance of the mixture between the 
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electrodes provides the heat necessary for the reaction. The 
complete reaction may be represented by the following equa- 
tion: 

Ca3(P04)2 + 3 SiOa -f- 5 C-»3 CaCSiOs) -f S CO f + 2 P 

248. Physical properties of phosphorus. There are two 
well-defined allotropic forms of phosphorus: the white and the 
red. They have decided differences in properties. 


jjig. An airpxane laying a smoke screen— one use of phosphorus. 

(1) White phospkortis. This variety of phosphorus is a 
waxy, translucent, poisonous solid, which sometimes acquires 
a slightly yellowish color. It is soft enough to be cut easily. 
It is insoluble in water, but will dissolve in carbon disulfide, 
turpentine, ether, and some other liquids. It melts at 44° C. 
It has a low kindling temperature. For this reason, it is alwa 5 rs 
preserved under water. It should remain under water while 
cutting small portions for use, because the heat generated by 
the friction of cutting is sufficient to ignite it. Since the heat 
of the body is higher than the kindling temperature of this 
type of phosphorus, it is dangerous to handle it with the fin- 
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gers. Phosphorus burns are serious ones because, in addition 
to the damage done by the burn, the tissues seem to become 
poisoned. 

(2) Red phosphorus. This form of phosphorus can be pre- 
pared by heating white phosphorus in the absence of air to a 
temperature of about 250° C. The conversion into red phos- 
phorus is hastened by the presence of a very small quantity 
of iodine, which acts as a catalyst. Red phosphorus is not 
poisonous, like the white variety, nor does it dissolve in carbon 
disulfide or other solvents. It does not burn below 240° C., 
and is therefore safe to handle. When red phosphorus is 
heated to a sufficiently high temperature, it volatilizes, forming 
a vapor which is identical to that of white phosphorus. This 
vapor, upon cooling, forms white phosphorus. 

249. Chemical properties of phosphorus. The most ob- 
vious chemical property of phosphorus is the readiness with 
which it unites with oxygen. Its extreme inflammability is 
due to its rapid combination with oxygen. The products of its 
oxidation are phosphorus trioxide, P2O8, or phosphoric pentox- 
ide, P2O5, depending upon whether the reaction takes place in 
a limited or an unlimited supply of air: 

(1) 4P-f 3 02-»2 P203 

(2) 4P-i-S02->2P205 

These oxides can be converted into phosphorous acid, H3(P03), 
or phosphoric acid, H3(P04)j by causing them to react with 
water: 

(1) P203-}-3H20-^2H3(P03) 

(2) P205-b3H30-^2Hs(P04) 

Phosphorus trioxide and phosphoric pentoxide are, therefore, 
the anhydrides of phosphorous and phosphoric acids, respec- 
"•tively.-: ‘f 

250. Uses of phosphorus. One of the prominent uses of 
phosphorus is in the making of matches. It is also used for 
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hardening metals, for the manufacture of bronzes, and in the 
preparation of poison for rats and vermin. The dense white 
clouds of oxides of phosphorus which form when phosphorus 
is burned were used as smoke screens in the World War. 
Other war uses involving phosphorus were those pertaining 
to the manufacture of incendiary bullets or bombs. 

251. The manufacture of matches. Friction matches 
were invented by John Walker in 1827. Many of us cannot 
appreciate their great convenience. For many years, white 
phosphorus was used in the manufacture of matches, but owing 

STRIKE ANYWHERE r- — KClOa 

MATCH 



SAFETY 

MATCH 


SAFETY MATCH BOX 

KOOs AND sLsa-J 


Fig. 200. '‘Strike an 3 rwhere” match and 
safety match. 


to its poisonous effect upon the workmen most nations have 
prohibited its use for that purpose. 

The ordinary “strike-anywhere” match consists essentially 
of the following materials: ( 1 ) a substance which is easily 
ignited by friction, such as phosphorus sesquisulfide, P 4 S 3 ; 

(2) an oxidizing agent, such as potassium chlorate, KCIO3; 

(3) material to provide friction, such as ground glass; and 

(4) glue to bind these materials together (Fig. 200). In strik- 
ing the match, the phosphorus sesquisulfide is ignited. The 
potassium chlorate, by its oxidizing action, causes vigorous 
burning for only a very brief interval, but long enough to pro- 
vide the heat necessary to ignite the wood. The materials 
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described constitute the head of the match. The phosohorus 
of the head. The wood sticks are usually subjected to a pre- 



Fig. 201. Manufacture of matches. Pouring wax 
in dipping trough. 


liminary treatment by dipping them into paraffin to make them 
burn easily (Fig. 201). 

Safety matches have a head which consists of antimony 
sulfide, SbsSg, and an oxidizing agent such as potassium chlo- 
rate. They cannot be conveniently ignited except on the side 
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of the box in which they are packed. The material on the 
side of the box is a mixture of red phosphorus, ground glass, 
and glue. Because of much careless disposal of burning 
matches, the lower part of the stick of both types of matches 
is sometimes dipped in a fireproof material, such as ammonium 
phosphate, to prevent smoldering or afterglow. 

252. Phosphoric acid and its salts. Phosphoric acid, 
H3PO4, is the most important acid of phosphorus. It may be 
prepared either by the reaction of its anhydride with water 
(Sec. 131) or by the reaction between calcium phosphate and 
sulfuric acid: 

Ca3(P04)2 + 3 HafSOi) -^3 Ca(S04) + 2 HsfPOi) 

The insoluble calcium sulfate is separated out by filtration. 

An inspection of its formula shows that phosphoric acid is 
tribasic. Three salts of a given metal might therefore be 
expected. Such salts actually do occur, and they are not only 
well known but are also very important. Salts of phosphoric 
acid are called phosphates. The three classes of salts which 
phosphoric acid forms with sodium and calcium, their formulas, 
and some of their uses are shown in Table 23. 

253. Arsenic. ( 1 ) Preparation. Most of the world’s sup- 
ply of arsenic comes from its compounds, although it does 
occur free to a limited extent. Some common ores of arsenic 
and their formulas are: mispickel, FeAsS; orpiment, AS2S3; 
and realgar, AS2S2. The usual method for the preparation of 
arsenic is to roast (heat in an abundance of air) the ore. This 
converts the arsenic into its oxide, after which it is reduced 
with carbon: 

AS2O3 -|-3C-^2As-|-3COt 

(2) Properties. Arsenic is a gray, brittle, crystalline solid. 
It has a metallic luster but in spite of its metal-like appearance 
it behaves more often like a non-metal. Upon being heated it 
sublimes, forming a lemon-yellow vapor which has an odor 
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TABLE 23 

Phosphates of Sodium and Calcium 


Name 

Formula 

Uses 

Trisodium phosphate 

Na^CPO^) 

Water softener 


Washing powders . 

Bisodium phosphate 

Na^HCPO^) 

Textile industry 

Monosodium phosphate 

NaH,(PO,) 

Baking powders 

Medicine 


Tricalcium phosphate 

1 

Ca3(PO,), 

Manufacture of phosphorus 
Manufacture of phosphoric 

1 

■ 1 


acid 

Dicalcium phosphate 

CaH(PO,) 

! ■ ' 

Medicine 

Dentistry 

Monocalcium phosphate 

CaH^(PO,)3 

Baking powders 

Fertilizer 


resembling that of garlic. It burns with a bluish flame and 
unites with oxygen to form arsenious oxide; 

4 As “)■" 3 O 2 — ^ 2 AS 2 O 3 

Arsenic is used chiefly in the manufacture of lead shot. The 
addition of arsenic helps to make the shot spherical and harder. 

(3 ) Marsh’s test for arsenic. Marsh’s test is a method for 
detecting the presence of arsenic. The advantages of this test 
are its convenience and the positiveness with which even very 
minute quantities of arsenic may be detected. It is based upon 
the reducing action of nascent hydrogen. 

Hydrogen is generated by the action of sulfuric acid with 
zinc. The gas passes through a calcium chloride tube and is 
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ignited at the jet (Fig. 202). A solution of the unknown sub- 
stance is then poured into the flask through the thistle tube. 
If arsenic is present, the hydrogen will unite with it to form 
arsine, AsRs, which passes through the apparatus with the 
hydrogen. A flame applied at the expanded portion of the 
delivery tube will cause the decomposition of arsine and a 
metallic deposit of arsenic will form. This constitutes not only 

an important test for cases of 
arsenic poisoning, but also for 
many analyses where the de- 
termination of arsenic is nec- 
essary. 

254. Compounds of ar- 
senic. Arsenious oxide, AS 2 O 3 , 
sometimes incorrectly referred 
to as white arsenic, is the 
most important industrial 
compound of arsenic. It is a 
white, crystalline powder. 
Fig, 202. The Marsh test for slightly soluble in water, and 

is very poisonous. An effec- 
tive antidote is freshly prepared ferric hydroxide, Fe(OH) 3 . 
Some of the uses of arsenious oxide are for the manufacture 
of insecticides and fungicides, such as Paris green, lead ar- 
senate, and calcium arsenate. These substances are an im- 
portant aid in man’s battle against insects. Arsenious oxide 
is also used in taxidermy for preserving skins and furs, and in 
the manufacture of certain kinds of glass. 

255. Antimony. The chief source of antimony is the min- 
eral stibnite, SbaSs. China supplies most of the world’s de- 
mand. The element is prepared from its mineral by roasting 
with iron: 

SbaSa -f 3 Fe 3 FeS + 2 Sb 

Antimony finds some of its most important applications in the 
manufacture of alloys, such as pewter, Babbitt metal, britannia 




THE NITROGEN FAMILY 


411 


metal, and type metal (Sec. 338). Antimony expands on cool- 
ing and gives this property to other metals with which it is 
alloyed. This causes the mold to be filled and causes a sharp 
imprint when the alloy is used for making type. 

Antimony black (finely divided antimony) is used to cover 
plaster casts to simulate the appearance of metal. Tartar 
emetic, K(Sb 0 )(C 4 H 406 ), is an important salt of antimony 
which is used in medicine and as a mordant in dyeing. 
Antimony trichloride, SbCls, commonly known as “butter of 
antimony” is used to give a dull finish to gun-barrels. Anti- 
mony sulfide, Sb2S3, is used in the preparation of red rubber, 
and also in the preparation of fireworks, to which it imparts 
blue lights. . 

From the standpoint of chemical behavior, antimony hy- 
droxide, Sb(OH) 3 , is an interesting compound because of its 
amphoteric character. An amphoteric substance is one which 
may behave either as an acid or as a base, depending upon 
conditions. In the presence of a strong base, antimony hy- 
droxide acts like an acid, but, in the presence of a strong acid, 
it behaves like a base; 

( 1 ) . 3 H+, (SbOs) — + 3(Na+, (OH)-) -»Na:,(SbOa) + 3 HOH 

( 2 ) 2 (Sb+++, 3 (OH)-) -f 3(2 H+, (SO 4 ) — ) -^SbASO^);! + 6 HOH 

Antimony hydroxide is merely one of a number of hydroxides 
that behave in the same way. 

256. Bismuth. When we reach bismuth in the nitrogen 
family, the transition from non-metallic elements to metallic 
elements is apparently complete. Bismuth is a brittle, crystal- 
line metal, with silver-gray luster and a ruddy tint. Although 
it occurs uncombined in nature and is widely distributed, it is 
much more scarce than arsenic or antimony. Most of the 
world’s supply is obtained from Bolivia as a by-product in the 
electrolytic refining of tin, copper, and lead. Bismuth is used 
chiefly in preparing alloys having low melting points (Sec. 338). 
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Bismuth subnitrate, Bi( 0 H) 2 N 03 , is a white, insoluble 
powder. It is used in medicine for disorders of the digestive 
tract, and is also used in the preparation of cosmetics. A sus- 
pension of bismuth subnitrate and barium sulfate in buttermilk 


Fig. 203. X-ray photograph of stomach which has 
been rendered opaque by use of barium and bis- 
muth salts. 


is somewhat opaque to X rays. For this reason, such a mixture 
is of great value in photographing the digestive tract (Fig. 
203) . An inspection of such a photograph makes the intestines 
easily visible because they are much darker by contrast than 
other parts of the abdominal cavity. 
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Problem Summary Exercises that Everyone Should Do 

1. Describe the gradation of properties of the nitrogen family. 

2. Describe the similarities that exist among the elements of the 
nitrogen family with respect to (a) valence; (b) formulas of hydro- 
gen compounds; (c) formulas of oxygen compounds; (d) formulas 
of chlorine compounds; (e) formulas of acids. 

3. How does the periodic classification aid us in studying the 
elements of the nitrogen family? 

4. To whom is the discovery of phosphorus attributed? How 
did he prepare it, and when? 

5. Describe the occurrence and commercial preparation of phos- 
phorus. 

6. Make a table with the headings ^Vhite phosphorus’’ and ^^red 
phosphorus” and compare the properties of each. 

7. Write an equation showing the formation of phosphorus triox- 
ide and phosphorus pentoxide; of phosphorous acid and phosphoric 
acid. 

8. Name the essential ingredients of the head of a “strike-any- 
where” match. How does the safety match differ from the /Strike- 
aE 3 nvhere” match? 

9. What is the most important acid of phosphorus and how is it 
prepared on a commercial scale? 

10. Give the names, formulas, and uses of several salts of phos- 
phoric acid. 

11. Name three ores of arsenic and give the formulas which rep- 
resent their composition. 

12. Describe the preparation of arsenic. 

13. Explain how you would test an unknown substance for the 
presence of arsenic by means of Marsh’s test, 

14. What are some important uses of compounds of arsenic? 

15. How may antimony be prepared from its sulfide? 

16. Describe some important uses of antimony. 

17. Using antimony hydroxide, illustrate by means of equations 
what is meant by amphoteric compounds. 
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18. What is the most important source of bismuth? 

19. What is the formula of bismuth subnitrate? Name two’ im- 
portant uses of this compound in medicine. 

PROBLEM S: HOW IS THE NITROGEN FAMILY 
RELATED TO THE CHEMISTRY OF 
AGRICULTURE? 

Problem Assignment. In this problem we wish to 
present a series of relationships dealing with the depend- 
ence of life on the soil. The world must be fed, and in this 
connection plants, animals, soil, and air are essential. 
Knowledge of the part each plays in providing the world’s 
food supply, and of the relationships among them, will help 
us to understand how the balance between plants and soil 
is fundamental to the existence of all life. Three members 
of the nitrogen family are of great importance in promoting 
the growth of plants and in protecting them from the at- 
tacks of insects and fungus growths. All of these subjects 
related to agriculture will be considered in the problem. 

257. The dependence of life on the soil. We depend 
upon the flesh of animals, birds, and fish for part of our food, 
and the rest of our diet is made up chiefly of plant products, 
such as vegetables and cereals. Only green plants, however, 
actually manufacture any food. Animals, in common with 
man, are dependent upon plants as the ultimate source of food. 
Not only do green plants chemically manufacture their own 
food, but they also store up the surplus in their stems, roots, 
and fruits, which supply other living things with food (Fig. 
204). 

Comparatively little is known about how the plant manu- 
factures food, but chemists do know what raw materials are 
needed and where they are obtained. The manufacture of 
carbohydrates requires water and carbon dioxide, and is 
brought about by the chlorophyll of the plant with the aid of 
the sun’s energy. The process is called photosynthesis. Fol- 
lowing this, other chemical processes result in the production 
of such food substances as proteins and fats. These require 




Courtesy U. S. Bureau of ClieBiistry and Soils 

Fig. 204. Above, barren land. Below, the same land as a fertile, 
productive field — the result of irrigation. 



Courtesy U. S, Soil Conservation Service " 

Fig. 205. A field in which serious erosion has already taken place 
and where deep gullies and waste land will result if no steps are 
taken to remedy the condition. 

258. Formation and kinds of soil. Soil is one of our most 
valuable natural resources. Its loss through erosion by water 
or wind (Fig. 205), and its overuse in the growing of crops 
are items of national importance. Soil cannot be replaced or 
rejuvenated over night, and its formation is a long natural 
process (Fig. 206). 

It is believed that in the beginning of the history of the 
earth, the temperature was so high that the elements were un- 
combined. During the slow cooling of this gaseous mass. 



Courtesy U. S. Soil Conservation Service 

Fig. 206. A method of soil erosion control. 
Low woven-wire check dams are placed at fre- 
quent intervals in the channel of the gully. 
Close-growing crops are planted on the banks 
and in a few years’ time a mass of vegetative 
growth will provide complete protection against 
erosion. 


process, and the soil of today is the result of the work of vari- 
ous agencies during thousands, even millions, of years. 

The classification of soils may be based upon (1) their 
composition, or (2) the method of their formation. Thus we 
have limestone, granite, and lava soils by composition; and 
glacial soils, wind-laid deposits, and water-laid deposits by 
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various elements combined and formed minerals and rocks. 
When oxygen and hydrogen combined, water was formed. 
The torrential rains of this primordial period slowly began to 
wear away the rocks and grind them to fine particles by the 
processes of erosion. Later, glaciers assisted in this grinding 
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formation. As students of chemistry, however, we may think 
of soils as being composed principally of sand, clay, and humus. 
The term usually refers to particles of broken rock; they 
consist chiefly of silicon dioxide, but small amounts of other 
minerals are also present in sand. Clay is composed of col- 
loidal particles of all kinds of rock and contains a variety and 
abundance of plant minerals. Humus is one of the most im- 
portant soil constituents. It is composed of the decayed 
remains of plants. Sandy soils are coarse, have a loose tex- 
ture, and contain very little humus. Consequently, they do 
not hold water well and are often not very fertile. Clayey 
soils are compact, cake when dry, and form a; sticky mass with 
water. These properties make them hard to work. They also 
contain only small amounts of humus. Soils which approach 
being ideal mixtures of sand, clay, and humus are called loam. 
This term is generally applied to any soil which is fertile, dark 
in color, and rather easy to cultivate. 

259. Maintaining soil fertility. Soils which have the neces- 
sary properties to make them suitable for the growth of crops 
are termed fertile soils. Many different factors enter into the 
problem of soil fertility. Four are discussed here. 

(1) Physical properties of soils. It is desirable that a soil 
be porous enough to allow the circulation of air and water. 
It should be neither so loose as to dry out quickly, nor so 
compact as to form a soggy mass when wet. It should absorb 
large quantities of water to act as the solvent for minerals, 
and it should give up such solutions readily to the roots of 
plants. The proportions of sand, clay, and humus largely 
determine the physical properties of a soil. These properties 
are not easily altered or regulated by the farmer. 

(2) Chemical properties of soils. Since soils furnish the 
elements essential to the growth of plants, their chemical con- 
stituents are of major importance in determining their value 
for the growing of crops. Such elements are in the form of 
minerals, and these minerals must be soluble so as to be avail- 
able to the plant. Most soils contain at least small percentages 
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of available minerals, and in addition have a large reserve of 
unavailable constituents which are slowly converted into water- 
soluble forms by chemical changes taking place in the soil. 

(i) Bacterial content of soils. Some soils apparently pos- 
sess the required physical and chemical properties to make 
them fertile, and yet they will not grow crops. Investigation 
shows them to be de- 
ficient in soil bac- 
teria. It is known 
that several different 
kinds of bacteria are 
present in a fertile 
soil, and a non-fer- 
tile soil can often be 
rendered productive 
simply by inocula- 
tion with suitable 
kinds of bacteria. 

(4) Correcting 
soil acidity. Soils in 
continuous use tend 
to become “sour.” 

This is due chiefly 
to bacterial decay of plant remains during the formation of 
humus, as well as to the action of bacteria on the humus itself. 
The accumulation of acids in the soil retards the growth of 
many crops, and also prevents the development of some kinds 
of necessary soil bacteria. Some soils naturally contain enough 
limestone to neutralize these acids, but those that are lacking 
in this constituent may be treated with ground limestone from 
time to time (Fig. 207). Limestone is composed chiefly of cal- 
cium carbonate, and besides neutralizing the soil acids, it also 
adds mineral calcium to the soil and has a “loosening-up” ef- 
fect on the colloidal clay. 

260. Feeding the soil. Essential elements are not only re- 
moved by growing plants, but appreciable amounts are lost 



Courtesy U. S, Dept, of Agriculture 


Fig. 207. Applying ground limestone to 
the soil. 







AMOUNT OF NITROGEN 
REMOVED PER ACRE BY LEADING CROPS 
(Average yield) 

COTTON 84 lbs. 

CORN 43 lbs. 

TOBACCO 38 lbs 

WHEAT 24 lbs! 

OATS 36.7 lbs. 

barley 36.2 lbs. 

VEGETABLES, up to ^ 70 - 80 lbs. 

FIGURES FROM V. P. 1. AGRONOMY DEPT. 


. . 1 . 

Courtesy TLie Barrett Company 

Fig. 208. Effects of nitrogen fertiliiser. View taken from the air. 
The greatly increased growth of the plants is evident in the word 
*‘A.RCADIAN/' due to the fact that the fertilizer was spread in a 
design intended to spell this word. 


Unless the lost nitrogen is put back into the soil, the next 
seasons crops are bound to suffer. 
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by the leaching action of water. When chemical changes in 
the soil do not replenish the supply of available minerals 
rapidly enough to keep pace with the removal of such minerals, 
soils become exhausted. Man must then feed the soil (Fig. 
208). Fortunately, only three elements need to be considered 


Courtesy Tennessee Valley Authority 

Fig. 210, Air view o£ Nitrate Plant Number 2 at Muscle Shoals, 
with Wilson Dam in the background.^ A new experimental plant 
for the production of phosphate fertilizer is in operation. Smoke 
and dust in the picture show the location of the plant. 


for this purpose, since practically all of the other ten or twelve 
elements required are present in all soils in amounts sufficient 
for essential needs. The three elements referred to are nitro- 
gen, phosphorus, and potassium (Fig. 209). 

Nitrogen promotes the vigorous growth of plants, particu- 
larly the development of the foliage. Soil nitrogen is required 
by all plants except those of the legume family, some members 
of which are peas, beans, clover, and alfalfa. Even these 
plants obtain about one-third of their nitrogen from the soil, 
and the rest from the air, as will be explained later. Potas- 



422 


MODERN-LIFE CHEMISTRY 


Slum salts are essential to the growth of plants, especially 
those producing large amounts of sugar and starch. Most soils 
contain relatively large amounts of potassium minerals, but 
they are usually not in an available form. Phosphorus is 
needed by plants to assist them in ripening. 

Materials which supply elements in which soils are deficient 
are called fertilizers. A mixed fertilizer is one which supplies 



Fig. 211. Fixation of atmospheric nitrogen as nitrate of soda. The 
ammonia formed in converter C is oxidized to nitric acid in con- 
verter D. The nitric acid is converted to nitrate of soda by its re- 
action with soda ash, the common name for sodium carbonate. 

nitrogen, phosphorus, and potassium in suitable amounts. Such 
a fertilizer is also called a complete fertilizer. Two general 
classes of fertilizers are available for use. They are natural 
and commercial fertilizers. As a protection to the buyer, most 
states have laws which regulate the manufacture and sale of 
commercial fertilizers. These laws require the manufacturer 
to label his product correctly, giving the percentage of each 
element present, and to guarantee the amount of available 
plant food contained therein. 

261 . Nitrogen for the soil. There are practically no nitro- 
gen-containing minerals in soil. Most of the nitrogen that 
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plants use has been made available by chemical processes 
termed nitrogen fixation, in which atmospheric nitrogen is 
caused to combine. The compounds resulting from such proc- 
esses may be ammonia, nitrites, or nitrates, and the source of 
the nitrogen which has been “fixed” in such compounds may 



Courtesy The Barrett Company 


Fig. 212. The more luxuriant growth o£ the plants on the right is 
due to an application of sodium nitrate fertilizer. 

be various natural manures, green manures (plowed-under 
crops), or commercial preparations — such as dried blood, meat 
meal, hoof meal, fish scrap, sodium or calcium nitrate, am- 
monium sulfate, and other similar compounds. The chemical 
process for furnishing the soil with nitrogen is explained in the 
following paragraphs. 

(1) Nitrogen fixation by nature. Nitrogen fixation refers 
specifically to the formation of usable nitrogen compounds 
from the free nitrogen of the air. During thunderstorms, elec- 
trical discharges cause the following reaction; 
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As we have already learned, this compound reacts as shown 
in the following equations when oxygen and moisture are 
present: 

2 NO -f- O 2 2 NO 2 1 
2 NO 2 + H 2 O HfNOs) -f HCNOa) 

This method is comparable to the arc process (Sec. 234) for 
making nitric acid. 

Thus we see that every thunderstorm results in the fixation 
of nitrogen which is rained down upon the earth in the form 
of acids. These are converted into nitrates by chemical action 
upon soil minerals: 

CaCOs + 2 H(NOg) Ca(N 03)2 + H 2 O -f CO 2 1 

Another natural method of nitrogen fixation is by the action 
of nitrogen- fixing bacteria found in the roots of leguminous 
plants. These bacteria enter the root hairs where they form 
nodules, or tubercles (Fig. 213), and here they carry on their 
work. By chemical processes not well understood, nitrogen- 
fixing bacteria absorb nitrogen from the air and convert it into 
compounds which the plant can use — chiefly nitrates. The 
total available nitrogen content of the soil is greatly increased 
by plowing under such crops, or by returning to the soil the 
manure resulting from feeding the crop to livestock. 

The process known as nitrification is of tremendous value 
in maintaining the available nitrogen content of soils. When 
dead plants and animals decay, their nitrogen is converted 
into ammonia. The process is termed ammonification, and is 
brought about by ammonifying bacteria. Some of the am- 
monia may escape into the air and be lost to plants, part of 
it is used directly by some plants, and the rest is acted upon 
by nitrifying bacteria. These convert ammonia and am- 
monium compounds into nitrites. The third and final step in 
nitrification consists of the oxidation of nitrites to nitrates. 
These, of course, are available for use by plants. Nitrifica- 
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tion takes place most rapidly during the hotter months of the 
year, and in soil which is well drained and aerated and has 
no acid. 

Soil conditions which are the opposite of those favorable 
to nitrification promote a process of nitrate destruction called 
denitrification. This is also , 
caused by bacteria, and \ 
takes place in soils that are ' 
cold, soggy, acidic, and non- j 
aerated. The nitrates pres- 
ent are broken down into ’%('% '%/ | ' 

various simpler forms, often 
to the element itself, and as 
these escape into the air the 1/ j'y fi 

nitrogen is lost to plants. 'I M ''(MjMv. 

In establishing conditions ' ^ 

favorable to nitrification, the [ 

farmer not only makes it jl' " | 

possible to increase the store 
of nitrogen in the soil, but 

also helps to conserve what [ ' 1 

is already present by pre- SSg 

venting denitrification. , j 

(2) The nitrogen cycle. 

The term cycle refers to a pjg. 213 . Nodules or tubercles on 
recurring sequence of simi- the roots o£ a leguminous plant, 
lor. Ao Bactcfia within these tubercles 

lar changes. As used here, convert free nitrogen into com- 

it refers to those processes pounds of nitrogen that can be 
by means of which nitrogen plants, 

is taken from the soil, and how that nitrogen is eventually re- 
stored to the soil. The various chemical changes involved in 
nitrification, denitrification, nitrogen fixation by legumes, and 
nitrogen fixation by man show that nitrogen passes through 
a cycle of combination and decomposition. These processes 
constitute what is generally called the nitrogen cycle. Fig- 
ure 214 helps to show the sequence of the various changes. 
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262. Phosphorus for the soil. Another element of the 
nitrogen family which is necessary to soil fertility is phos- 
phorus. Most soils contain very small percentages of this 
element, some as low as 0.01 of 1 percent. Consequently, 
nearly every farmer must purchase appreciable amounts of 
phosphorus fertilizer to replenish that which has been removed 



by growing crops. Grain, in particular, requires adequate 
amounts of phosphorus. 

Phosphorus fertilizers come mainly from two sources; (1) 
the ground bones of animals, and (2) mineral phosphate de- 
posits. Raw bone meal consists simply of ground bones, and 
the phosphorus content is almost entirely in the form of 
tricalcium phosphate, Ca 3 (P 04 ) 2 . Steamed bone meal is more 
easily decomposed in the soil when applied. 

Deposits of phosphate rock occur in several southern states, 
especially in South Carolina^ Tennessee, and Florida. Fertil- 
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izer prepared from these sources is known as superphosphate, 
or acid phosphate. The latter name is derived from the fact 
that the usual method for making such fertilizer consists of 
treating the rock with dilute sulfuric acid, thereby transforming 
the calcium phosphate into a soluble form: 

Ca3(P04)2 + 2 HaCSOi) ^ CaH4(P04)2 + 2 Ca(S 04 ) 

Insoluble ■ Soluble 

The yield of superphosphate can be increased if the rock phos- 
phate is treated with phosphoric acid instead of sulfuric acid, 
but this method is more expensive. Experiments are being 
conducted for the purpose of finding a method to lower the 
cost. 

Other sources of phosphorus fertilizers are stable manures 
and basic slag from the operations of furnaces producing iron 
and steel. The latter material is in an insoluble form, but if 
finely ground before application to the soil, the water and 
carbon dioxide present convert it into a soluble form. 

263. Potassium for the soil. Until recent years, most of 
the world’s supply of potassium salts, such as the chloride and 
sulfate, for use as fertilizers came from the famous Stassfurt 
salt beds in Germany. Similar deposits have recently been 
discovered in this country (Sec. 278), and henceforth our need 
for potash fertilizer can be met from domestic sources. Such 
minerals are ground fine and mixed in the right proportion, 
after which they are suitable for application. Potassium is 
relatively abundant in soil, particularly in clay, but is not 
always in an available form. However, the potassium ab- 
stracted by growing crops is not so likely to be lost from the 
farm as is the phosphorus. This is because most of the potas- 
sium is incorporated into the stems and leaves of plants, and 
these are often returned to the soil by plowing them under or 
by applying the stable manures resulting from feeding them to 
farm animals. 

In concluding our study of soils and fertilizers, it may be 
well to point out that the agricultural chemist has learned just 
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Coiirtesy “Chemical Industries” 

Fig. 215. Sprays and other insecticides destroy man’s insect enemies. 


which elements are most needed by certain crops. He has also- 
developed fairly reliable means of determining the available 
elements in soil. Knowledge of these facts, together with a 
knowledge of the physical qualities of the soil, enables the 
farmer to grow his crops more successfully. In these respects, 
the value of scientific knowledge and training as an adjunct 
to practical experience is becoming more widely recognized. 


264. Chemicals used to protect growing crops. Grow- 
ing plants are subject to destruction by the attacks of insect 
pests and fungus growths. The chemist again offers assistance 
to the farmer in protecting his crops through the preparation 
and use of insecticides and fungicides. 

(1) Insecticides. These poisonous preparations are of two 
kinds : stomachic and contact. Stomachic poisons are designed 
to kill those insects which eat the tissues of the plant. They 
are applied in water suspensions, and when the insect chews 
the plant, it swallows the poison. Such insecticides are chiefly 
compounds of arsenic, also a member of the nitrogen family. 
Paris green is a familiar example. It is a complex copper 
arsenate containing acetic acid; sometimes lime is added to 
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reduce its injurious effects on the leaves. Arsenate of lead h 
being increasingly used because it is more adherent than Paris 
green and does not injure the plant. 

Contact poisons are many and varied in their nature. Emul- 
sions of kerosene have been used for this purpose, and the suds 
of various soap solutions are considered equally effective. 
Nicotine sidfate solution is another example of a contact 
poison. Probably the most common material is lime-sulfur 
spray. It is made by boiling together flowers of sulfur and 
calcium hydroxide. A yellowish liquid containing various 
sulfides of calcium results. When used’as a spray (Fig. 215)) 
it is very penetrating and is therefore especially suited to 
fighting scale insects, such as the San Jose. The action of lime- 
sulfur spray is believed to be due partly to its alkaline nature, 
and partly to the poisonous effects of the nascent sulfur which 
is set free by the action of the air on the sulfides of calcium. 

Other insecticides commonly used are hydrocyanic acid, 
HCN, and carbon disulfide, CS 2 . Hydrogen cyanide is one of 
the most poisonous gases known, and it is prepared just as it 
is to be used. Citrus fruit trees are treated with this com- 
pound under large canvas covers; the gas is produced by the 
reaction between potassium cyanide and dilute sulfuric acid; 

2 KCN -f- H2(S04) K3(S04) -f 2 HCN t 

(2) Fungicides. Fungus growths are parasitic plants that 
live on, and at the expense of, the host plant. Wheat rust is 
an example. Spraying with the proper fungicide often destroys 
such disease-producing fungi. Bordeaux mixture is probably 
the most familiar fungicide used. It is prepared by mixing 
copper sulfate and calcium hydroxide in water. Such a solu- 
tion is useful in killing the fungus growths on apple trees. If 
desired, a combination of fungicide and insecticide may be 
prepared by mixing Paris green or arsenate of lead with the 
Bordeaux mixture. Lime-sulfur spray also has a marked effect 
upon fungus growths, and is used, either alone or mixed with 
lead arsenate, in their control. 
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Problem Summary Exercises that Everyone Should'' Do 

1. Define photosynthesis and explain the importance of this 
process. 

2. Explain how all life is dependent upon the soil. 

3. Tell how the soil is formed, and explain why soil conservation 
is such an important problem. 

4. How are soils classified? Give some examples. 

5. Name the factors which affect soil fertility, and explain the 
importance of each. 

6. What is meant by ‘deeding the soil”? Why is it done? 

7. Define or explain: (a) fertilizer; (b) natural fertilizer; (c) 
commercial fertilizer; (d) complete fertilizer. 

8. What are the sources of nitrogen for the soil? Why is nitro- 
gen fixation so important in this connection? 

9. Describe or explain: (a) fixation during thunderstorms; (b) 
ammonification ; (c) the work of nitrifying bacteria; (d) formation 
of nitrates from nitrites; (e) denitrification, 

10. How are leguminous plants connected with fixation of nitro- 
gen? 

11. Explain clearly the meaning of each part of the diagram on 
page 426 illustrating the nitrogen cycle. 

12. Give the sources and methods of preparing phosphorus fer- 
tilizers; of preparing potassium fertilizers. 

13. How has the chemist assisted the farmer in his battle against 
the agencies that destroy his crops? Give specific examples. 

III. OPTIONAL MATERIAL FOR THE UNIT 

ADDITIONAL PROBLEM SUMMARY EXERCISES 

1. How does the weight of a liter of nitrogen obtained from the 
atmosphere compare with the weight of an equal volume obtained 
from its compounds? Why? 

2, How could you obtain a sample of pure nitrogen from the air? 
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3. What property of nitrogen explains its occurrence in the at* 
mosphere in such large proportions? 

4. Make an explanation in which you prove by two different 
methods that hydrogen is a constituent of ammonia. 

5. Write an equation for the oxidation of ammonia in which you 
indicate all valence changes that take place. 

6. Write four equations illustrating the formation of ammonium 
salts using compounds other than those which have been mentioned 
in this unit. 

7. Compare the chemical behavior of nitric acid with metals, 
and of sulfuric acid with metals, paying particular attention to (a) 
concentration of the acid; (b) position of the metal in the activity 
series; (c) temperature at which the reaction takes place. 

8. Recall examples of allotropism given in previous units and 
describe the methods by means of which one allotrope can be con- 
verted to another. 

9. Given unlabeled samples of each of the following gases, ex- 
plain how you could distinguish between them; (a) nitrous oxide; 
(b) nitric oxide; (c) nitrogen peroxide; (d) ammonia. 

10. Describe methods by means of which you could distinguish 
between the sulfides of arsenic, antimony, and bismuth. 

11. Compare nitrogen fixation by man and by nature. 

EXERCISES IN CHEMICAL ARITHMETIC 

1. Analysis of a gas shows it to contain 69.6% oxygen and 
30.4% nitrogen. This gas has a weight of 2.06 g. per liter. Find its 
correct formula. 

2. 135 cc. of nitrogen were collected at a temperature of 20° C., 
and a pressure of 750 mm. The weight of this volume of gas under 
the conditions given was .156 g. From these data, determine the 
molecular weight of nitrogen. 

3. How much ammonium nitrite would be required to prepare 
500 cc. of nitrogen under standard conditions? 

4. What weight of calcium cyanamide would be formed if 750 
liters of nitrogen united with calcium carbide? 



432 , 


MODERN-LIFE CHEMISTRY 


5. How milcli ammonia would be formed by volume and by 
weight j if the calcium cyanamide in the above problem were treated 
with a sufficient quantity of steam? 

6. What weight of air would be required to prepare SOOO liters 
of ammonia by the Haber process? 

7. Calculate the weight of nitric acid which could be prepared 
by the oxidation of 2000 liters of ammonia. 

8. What volume of chlorine would be needed to convert 20 g. 
of gold into gold chloride, assuming that the gold was dissolved in 
aqua regia? 

9. What weight of phosphorus could be obtained from 60S kilo- 
grams of phosphate rock that was only 70% pure? 

10. Determine the percentage of arsenic in each of the three ores: 
mlspickel, orpiment, and realgar. 

11. What weight of pure bismuth sulfide would be needed in the 
preparation of 75 pounds of "Wood’s metal? 

12. What volume of air would be needed to convert SO g. of 
phosphorus to phosphorus pentoxide? 

TOPICS FOR INVESTIGATION AND REPORTS 

1. Early Theories Regarding the Composition of the Atmosphere 

2. Why the Air has a Uniform Composition 

3. How the Rare Gases Were Discovered 

4. Some Practical Applications of the Rare Gases 

5. Sources of Helium in the United States and Methods for Pre-' 
paring It 

6. History of Nitrogen Fixation Methods 

7. Methods for Maintaining the Fertility of the Soil 

8. The Manufacture of Commercial Fertilizers 

9. The Relation of Nitrogen to Industry and to National De- 
fense 

10. The History of the Muscle Shoals Plant 

11. Manufacture of Phosphates by the Tennessee Valley Au- 
thority 

12. Refrigeration and Manufacture of Ice 
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13. The Manufacture of Dry Cells 

14. History of Explosives 

15. Natural Deposits of Sodium and Potassium Nitrates 

16. How Fireworks are Prepared 

17. The Applications of Nitrocellulose Products in Industry 

18. The Atomic Structure of the Elements of the Nitrogen Family 

19. The Occurrence and Distribution of Phosphorus Minerals in 
Nature 

20. Early History and Development of the Match Industry 

21. The Manufacture and Applications of Insecticides 

22. The Importance of Marsh’s Test 

23. A Study of Amphoteric Compounds 

24. Chemical Activities of the United States Department of Agri- 
culture 

25. The Work of State Departments of Agriculture and Experi- 
ment Stations 

26. Relations Among Chemistry, Geology, Biology, and Agricul- 
ture 

IV. UNIT RECITATION AND TEST 

TOPICS FOR ORAL OR WRITTEN RECITATION 

1. Composition of Air 

2. Proofs that Air is a Mixture 

3. Why the Composition of the Air is Uniform 

4. Air Conditioning 

5. Preparation and Uses of Liquid Air 

6. The Rare Gases 

7. History and Occurrence of Nitrogen 

8. Preparation, Properties, and Uses of Nitrogen 

9. Preparation of Ammonia 

10. Properties and Uses of Ammonia 

11. Manufacture of Ice; Refrigeration 
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12. Ammonmm Salts and Their Uses; Test for ■ Ammonium Salts 

13. Preparation of Nitric Acid 

14. Physical and Chemical Properties of Nitric Acid 

15. Uses of Nitric Acid 

16. Salts of Nitric Acid; Test for Nitrate Ion 

17. Explosives 

18. Comparison of the Elements of the Nitrogen Family 

19. History and Occurrence of Phosphorus 

20. Preparation and Properties of Phosphorus 

21. Uses of Phosphorus 

22. Manufacture of Matches 

23. Phosphoric Acid and Its Salts 

24. Occurrence^ Preparation, and Properties of Arsenic 

25. Uses of Arsenic and Its Compounds; Marsh’s Test 

26. Uses of Antimony and Its Compounds; Amphoterism 

27. Uses of Bismuth and Its Compounds 

28. Dependence of Life on the Soil 

29. Formation and Classification of Soils 

30. Factors Affecting Soil Fertility 

31. Maintaining Soil Fertility 

32. Nitrogen for the Soil 

33. The Nitrogen Cycle 

34. Phosphorus for the Soil 

35. Potassium for the Soil 

36. Protection of Growing Crops 



VNIT NINE 

MINERALOGY AND CHEMISTRY 


I. THE UNIT ASSIGNMENT 

Defining the unit. Minerals are sought by man wherever 
they occur in the earth’s crust in sufficient quantities to justify 
mining them. This is because minerals are so useful in such a 
variety of ways. Glass, cement, and pottery; industrial chem- 
icals; building stone; and similar products are absolutely es- 
sential to our modern civilization. All of these materials may 
be looked upon as mineral products. 

Minerals are natural combinations of elements, or they may 
consist of uncombined elements. The story of how they were 
formed and how they are prepared for use is an interesting 
topic for study. History records the discovery of new lands 
and the founding of new countries by adventuring pioneers in 
search of precious minerals. Many of today’s perplexing prob- 
lems of international relationships revolve around the question 
of who shall control certain mineral resources. But for us, as 
students of chemistry, the most important things about minerals 
are their chemical composition and their physical properties, 
for these factors determine their uses and applications. 

It may be surprising to learn that some of the most essential 
minerals are found among the most common substances we 
know. Sand, salt, limestone, and clay are examples. The 
imoortance of these and other minerals, together with the study 

43S 
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of their various applications, constitute the subject matter 
of this unit 


UNIT PROBLEMS TO BE SOLVED 

PROBLEM 1: WHAT IS THE NATURE OF MINERALOGY? 

PROBLEM 2: HOW ARE THE IMPORTANT MINERALS OF 
SODIUM AND POTASSIUM OBTAINED AND 
USED? 

PROBLEM 3: WHAT ARE THE IMPORTANT CALCIUM 
AND MAGNESIUM MINERALS AND HOW 
ARE THEY APPLIED? 

PROBLEM 4: WHAT ARE THE CHARACTERISTIC PROP- 
ERTIES AND COMPOUNDS OF THE CEN- 
TRAL ELEMENT OF THE MINERAL 
WORLD? 
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II. ASSIMILATIVE MATERIAL FOR THE UNIT 

PROBLEM 1: WHAT IS THE NATURE OF 
MINERALOGY? 

Problem Assignment. Crystals attract attention and 
excite our interest because of their beautiful symmetry. 
Excellent specimens are found in the mineral kingdom. 

How minerals are formed, where they are found, their na- 
ture and properties are interesting topics to investigate. It 
is the purpose of this problem to consider the various uses 
of minerals in general, and to study the important proper- 
ties upon which the uses of minerals depend. 

265. Rocks and minerals. A mineral may be defined as a 
more or less pure, natural inorganic substance having distinc- 
tive chemical and physical properties. This definition includes 
all natural compounds and elements found in or on the earth. 
Most of the world’s minerals occur in the great masses of rock 
found in the crust of the earth. Rocks are usually aggrega- 
tions of two or more minerals. It is very seldom that a rock is 
composed of a single mineral, or even of a large percentage 
of one mineral. Rocks tend to appear very much alike but 
careful examination makes it possible and convenient to classify 
rocks into three natural groups : namely, igneous, sedimentary, 
and metamorphic. 

(1) Igneous rocks are formed when a mass of molten ma- 
terial, known as magma, cools and solidifies. They are com- 
posed largely of compounds of sodium, potassium, aluminum, 
iron, calcium, magnesium, oxygen, and silicon. Granite is a 
common and familiar example. Igneous rocks constitute the 
greatest portion of the earth’s crust, and it is from them that all 
other t 5 T)es of rocks have been formed (Fig. 216). 

(2) Sedimentary rocks are produced by the accumulation 
of deposits on the bottoms of seas, lakes, and oceans. As soon 
as the earth acquired an atmosphere, the original igneous rocks 
were attacked by the agencies of erosion, and the rock waste 
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was transported to standing bodies of water. During the 
course of time, pressure and chemical action caused the loose 
materials to become cemented together, usually in layers, or 
strata. Sandstone, shale, and conglomerate are examples of 


Counesy J. S. Dillfir and U. S. Geological Survey 

Fig. 216. Igneous rock mass. 

sedimentary rocks, the cementing material consisting chiefly 
of calcium carbonate, silicon dioxide, or iron oxide. 

(3) Metamorphic rocks are produced by such agencies as 
pressure, temperature, and water acting upon other kinds of 
rock over long permds of time. Under such conditions, the 
original minerals recrystallize or form new combinations. In 
either case, new minerals are formed. Examples of such rocks 
a.vQ marble, which is believed to have formed from melted 
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limestone under pressure; slate, which is a highly compacted 
shale; and gwews, the metamorphic equivalent of conglomerate 
and certain kinds of granite. 

266. Origin and formation of minerals. As suggested in 
the preceding section, all minerals may be considered to have 
had their origin in the materials of which the earth was first 
composed. Scientists who study minerals think that heat, pres- 
sure, and water have had most to do with their formation. 
It is believed that the temperature of the interior of the earth, 
say at a depth of thirty-five or forty miles, is at least 1624° C. 
This temperature is sufficiently high to melt most of the rocks 
if they were under conditions as found at the surface. Since 
experiments indicate that the interior of the earth is as rigid 
as steel, it is believed that these rocks are not molten, and 
that the enormous pressure on them prevents this change in 
state. Wherever volcanic vents occur in the earth’s crust, this 
great pressure is relieved, the rocks melt, and the surrounding 
pressure forces the molten magma to the surface. 

Laboratory evidence indicates that there are at least two 
ways in which minerals in a molten or a gaseous state can 
become solids; by condensation and by crystallization. The 
sublimation of iodine crystals would serve to illustrate con- 
densation, and our study of solutions (Sec. 96) provides ex- 
amples of how crystallization may be brought about. A solvent 
in the sense in which we usually regard the word need not be 
present in every type of crystallization, however, for many 
liquid materials, including molten magma, crystallize when 
they cool and solidify. The speed of cooling is the most im- 
portant factor in the separation of the crystals. If the rate of 
cooling is slow, the crystals grow to a relatively large size; 
but if the molten mass cools quickly, the resulting crystals 
may be almost microscopic in size (Fig. 217). 

267. The nature of crystals. The physical structure of 
crystals, whether they be those of borax, ice, or salt, may vary 
in a number of ways, but all present geometrical figures. You 





440 


MODERN-LIFE CHEMISTRY 


may wonder if the physical form of a crystal depends upon the 
manner in which its particles- — atoms, molecules, or ions— 
arrange themselves as they crystallize. Assuming the form 
and structure of crystals to be associated with their internal 
nature, scientists, within the last century, have utilized every 
physical means applicable to investigate how particles within 
a crystal do arrange themselves. 


Courtesy F. O. Calkins and U. S. Geological Survey 

Fig. 217. Crystalline form of granite, a rock which has 
large crystals due to slow cooling. 

268 . Crystals and their fashions. Suppose we place a 
solution of sodium chloride in a watch glass and permit evap- 
oration to take place. When the water becomes saturated, the 
salt begins to crystallize out. Such a statement iinplies the 
whole story, but does not tell of any molecular behavior in the 
intermediate stages of the process. As each tiny particle 
leaves the solution to assume a crystalline state, it exerts a 
force on other particles. As we have previously learned, the 
particles in a solution of an electrolyte are ions; but in a non- 
electrolyte solution, the particles are molecules. All ions of a 
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salt solution have the inherent capacity to crystallize in their 
own way, and we shall speak of the forces acting to bring this 
about as “crystallizing forces.” One of these forces is known 
as cohesion, that form of attraction which causes particles to 
unite throughout a mass, whether they are alike or not. Co- 
hesion forces acting between crystallizing ions may be com- 



Fig* 218. How free-moving particles may arrange them- 
selves in a crystallizing substance. 


pared to the force of a magnet as it attracts iron filings. One 
difference, however, is that the salt ions attract, and are at- 
tracted by, other ions in three rectangular directions as they 
circulate about in solution, while we see iron filings attracted 
in one direction only. 

If it were possible to obtain a powerful microscope and 
■ magnify the scene we are trying to picture, we should expect 
to see something like the diagram shown in Figure 218. The 
important thing we wish to point out is that these “crystallizing 
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forces” extend in three directions along which ions may locate; 
furthermore, these planes or directions are at right angles to 
each other. 

As evaporation continues, the distance between the ions of 
the solution becomes less and the attraction between the par- 
ticles tends to orient them with respect to one another. As 
these “crystallizing forces” continue to function, the ions ar- 



Fig. 219. How the ions 
o£ common salt may ar- 
range themselves in 
crystallizing, 

range themselves along corresponding axes, and the crystal as- 
sumes the shape of a cube (Fig. 219). Therefore, when we 
use a lens to observe crystals of sodium chloride, we are not 
surprised to find that they have a definite cubical shape (Fig. 
220). If two or more such crystals unite during their growth, 
they join along the lines of “crystallizing forces” with their 
sides parallel. 

The scheme that certain substances have of forming crystals 
shaped like cubes is sometimes spoken of as the isometric 
system of crystal forms. All crystals are sorted or grouped into 
six such systems. Each group is determined by the relations 
between the outside faces of the crystal and imaginary axes 
extending between them. In Figure 221, the imaginary axes 
are shown by the dark lines labeled X, Y, and Z. The diagrams 




Fig. 221. Crystal Systems. 
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given to illustrate the six crystal systems suggest the basis upon 
which scientists classify crystalline substances into their proper 
crystal group. 

269. Physical properties of minerals. When minerals are 
studied with respect to hardness, a comparison scale of ten is 
used. This means that numbers from one to ten are assigned 
to indicate the different degrees of hardness of ten minerals 
selected as standards. The softest of these is talc, while the 
diamond is the hardest. They are arranged as follows : 


1. Talc 

2 . G5rpsum 

3. Galcite 

4. Fluorite 

5. Apatite 


6. Feldspar 

7. Quartz 

8. Topaz 

9. Corundum 

10. Diamond 


The hardness of the finger-nail is about 2.5, and a penny has 
a hardness roughly of 5.5. To test the hardness of an unknown 
mineral, we determine which of the standard minerals it will 
scratch, and which minerals will, in turn, scratch it. It is 
then assigned an appropriate hardness value; for example, a 
mineral that would scratch topaz, but not corundum, would 
have a hardness of 8.5. 

The property of hardness accounts for the use of certain 
minerals as abrasives. Sandpaper is covered with grains of 
sand, a form of quartz, and grindstones are manufactured from 
sandstone, also a variety of the same mineral. Emery is a 
variety of corundum and is also used in making grinding 
wheels. The diamonds which are unsuited for use as gems are 
highly valuable in making diamond-edge saws and diamond- 
point drills for use in industry. 

The transparent part of an electric fuse is made of a min- 
eral called mica, and many of you may have observed the thin 
layers of its structure. With the aid of a razor blade, these 
layers may easily be separated into thin flexible sheets. The 
directions along which the crystals of minerals separate in 
this fashion are known as cleavage planes. Cleavage always 
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occurs where the forces holding the crystal particles together 
are the weakest, and the cleavage planes are usually parallel 
to some face of the crystal. This property is useful in the 
identification of minerals. Thus, a large lump of rock salt 
could be split into a mass of smaller cubes by this process. 

The colors of certain minerals, together with other desirable 
properties, give them great value as gems. Such colors may 
be due to the effect of the crystal on white light, or they may 
be due to the presence of coloring matter, either as impurities 
or as inherent in the mineral itself. This explains why different 
forms of the same mineral may exhibit a wide range of color. 
For example, we usually think of the ruby as being red, but 
the mineral of which it is composed, aluminum oxide, may be 
colorless and clear, or it may have almost any color of the 
rainbow, depending upon the impurities it contains. 

270. The classification of minerals. The chemical com- 
position of minerals usually determines their classification. 
The reason for this becomes apparent when we realize that 
many totally distinct minerals may be identical in chemical 
composition. Any substance that may have two different 
mineral forms is said to be dimorphous. An example is carbon, 
which occurs as the diamond and also as graphite. Likewise, 
trimorphous and polymorphous substances are known. On 
the other hand, minerals of different but related chemical com- 
position may occur in crystals having almost identical crystal 
forms. Such minerals are described by the term isomorphous. 
It is thus obvious that a classification based entirely on crystal 
form would be inadequate. Other schemes of classification 
are possible, but only that based on chemical composition is 
reliable and satisfactory in every respect. 

With the exception of native elements, all minerals have at 
least one metallic and one non-metaUic constituent in their 
composition. Therefore, they may be classified on the basis 
of the metal they contain, or on the basis of their non-metallic 
constituent. The latter scheme is generally used, although 
in this unit we shall employ either method as we find it con- 



Table 24: Common Minerals 


'Mineral 

Common 

Symbol 

Minerai 

- Common 

Symbol 

■."..Glass. 

Name 

Formula 

Class 

Name 

Formula 

.Elements 

Sulfur 

S 

Carbon- 

• Chalk 

CaCCOg) 


Diamond 

C 

ates 

Dolomite 

Ca(C03)*Mg(C03) 


Gold 

Au 


Magne- 


Silver 

' Ag i 


site 

Mg(C03) 


Copper 

Cu 


Calcite 

CaCCOg) 


Mercury 

Hg 


Soda ash 

Na3(C03) 

Sulfides 

Stibnite 

Sb,S3 

Silicates 

Feldspar 

KAlSigOg 


Molyb- 


Mica 

H3KAl3(SiO,) 


denite 

M0S3 


Soap- 


Galena 

PbS 


stone 

H3Mg3(Si03), 


Spbaler- 



Asbestos 

Mg3Si303-2 H3O 


ite 

ZnS 


Kaolin 

A 1 Si 0 -2 H.O 


Cinnabar 

Pyrite 

Chaleo- 

HgS 

FeS^ 



1 ^ T Z 

' 

pyrite 

CuFeSg 




Halides 

Halite 

NaCl 

Phos- 

Apatite 

CaF3.Ca3(PO,)3 


Fluorite 

CaF, > 

phates 

Phospho- 


: Sylvite 
Carnal- 

! KCl 


1 rite 

CaaiPO,)^ 


lite 

KG-MgCybH^O 




Oxides 

Quartz 

SiO^ 

Sulfates 

Barite 

Ba(SO^) 


Agate 

SiO^ 


Gypsum 

Ca(SO^)-2 H^O 


Opal 

SiOj-nCH^O) 


Epsom- 



Corun- 


ite 

Mg(SO,) -7 H^O 


dum 

Hema- 

AiA 





tite 

Magne- 


■ 




tite or 

Lode- 

stone 






Bauxite 

AI3O3.2 H3O 




Nitrates 

Saltpeter 

KNO3 

Borates 

Cole- 



Chile 

salt- 



manite 

Rasorite 

H3O 

Na„B, 0_*4 H,0 


peter 

NaNOj 



2 4 7 2 
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venient. The usual classes of minerals based on chemical 
composition are as follows: 


1. Native' elements 

2 . Sulfides 

3. Halides 

4. Oxides 

5. Nitrates 


6. Carbonates 

7. Silicates 

8. Phosphates 

9. Sulfates 
10. Borates 


Table 24 gives a list of the more common minerals with 
their chemical classification, common names, and formulas. 


Problem Summary Exercises that Everyone Should Do 

1. Distinguish between rocks and minerals. 

2. Name three types of rocks and tell how they are formed. 

3. How do scientists account for the form of crystals? 

4. How would you account for the shape of sodium chloride 
crystals? 

5. What is meant by cohesion? 

6. Name three systems of crystallization. 

7. Discuss three physical properties of crystals, 

8. How are minerals classified? Name five classes. 

9. State the chemical composition of the following common min- 
erals: pyrite; cinnabar; galena; halite; gypsum; opal; hematite; 
chalcopyrite; diamond; bauxite. 

PROBLEM 2: HOW ARE THE IMPORTANT MINERALS 
OF SODIUM AND POTASSIUM OBTAINED AND USED? 

Problem Assignment. The chemistry of sodium and 
potassium is important if not spectacular. These two ele- 
ments are among the six most abundant in the crust of the 
earth because of the wide distribution and occurrence of 
their minerals in one form or another. All igneous rocks 
contain at least small percentages of sodium and potas- 
sium, and as these rocks weather, simpler compounds of 
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the elements are produced. As we have learned, growing 
plants have a great appetite for potassium, and most of its 
soluble compounds are converted into plant products. 
Sodium compounds, on the other hand, are slowly leached 
out of the soil by water and are carried to the sea. The 
waters of the seas and salt lakes are therefore great store- 
houses of many valuable minerals of sodium, as well as of 
many other compounds. Scattered variously throughout 
the earth are the mineral remains of what were formerly 
great inland bodies of salt water which have since dried up, 
and these deposits constitute other sources of sodium and 
potassium minerals. Chemical compounds of sodium and 
potassium are so vital to our modern civilization that chem- 
ists have gone to great lengths to devise ways and means of 
producing them from our available mineral resources. How 
and why this is done we shall consider in this problem. 

271. The most abundant mineral of sodium. If asked 
to name the most important mineral in the world, very few 
people would mention salt. Yet as we survey modern science 
and industry, or read back over the history of civilization, the 
story of salt runs through it all because it is the essential raw 
material from which so many important compounds are made. 
Many tribal wars have been fought over salt deposits or salt 
lakes. One of the factors affecting the settlement of our coun- 
try was the unlimited supplies of salt. Sodium chloride, how- 
ever, is so widespread throughout the earth and its waters, and 
can be obtained so cheaply, that no nation or individual need 
fear that the supply of this necessary commodity will be 
shut off. 

Salt occurs chiefly in the sea, in salt lakes, as rock salt de- 
posits, and in natural brines. Rock salt can be readily identi- 
fied by its crystalline form, its cleavage along the faces of a 
cube, and by its solubility and taste. Sea water contains an 
average of not quite three percent sodium chloride; yet cal- 
culations show that all the sea water on the globe would furnish 
enough salt to cover the whole earth to a depth of 100 feet. 
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Large quantities of salt have been taken from the Great Salt 
Lake region of Utah and from certain lakes of brine in 
Colorado. It is estimated that the Dead Sea in Asia Minor 
contains over 10,000 million tons of salt. 



272. The production of salt. 
The annual production of salt in 
the United States is nearly 
8,000,000 tons. The chief states 
producing it are Michigan, New 
York, Ohio, Kansas, Louisiana, 
and California, in the order 
named. It is prepared or ex- 
tracted chiefly by the following 
three methods: 

(1) Salt mining. When thick 
beds of rock salt, known as 
halite, lie near the surface of the 
earth, the mineral can be mined 
like coal (Fig. 222). If nearly 
pure, the salt is white or trans- 
parent and needs only to be 
ground and sifted into various 
sizes for immediate shipment. 
If it contains impurities, the raw 
mineral is crushed and treated 


Fig. 224. Extraction of so- -with water. This allows the so- 
dium chloride by pumping ,. -li -j x j- i , 

water down to the salt beds, dium chloride to dissolve and 


the impurities to settle. The 
clear, supernatant liquid is then drawn off and is evaporated 
in a series of vacuum vessels. 

(2) Extraction of salt by water. When salt deposits are 
far below the surface, the salt is extracted by a scheme very 
similar to the Frasch method for obtaining sulfur (Fig. 224). 
After the brine is given the proper chemical treatment to pre- 
cipitate the impurities, the water is evaporated, and the salt is 
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obtained in a pure form ready for distribution and use. Al- 
most half of the salt in the United States is obtained by this 
method. 

(3) Salt from the sea. When salt is to be taken from the 
sea or other bodies of salt water, the water is run into large, 
shallow basins dug along the shore. Because fuel costs would 
be prohibitive, solar evap- 
oration is used to separate 
the salt; that is, the heat 
of the sun slowly evapo- 
rates the water. As the 
concentration increases, the 
impurities precipitate, and 
the saturated salt solution 
is then run into other basins 
where evaporation and crys- 
tallization continue. After 
most of the salt has thus 
been deposited, it is re- 
moved and piled into 
mounds to drain and dry. 

Over two million tons of 
salt are produced annually 
by this method in the United States. The regions with cli- 
matic conditions most favorable for the operation of this 
method are the southern Pacific coast and the region of Great 
Salt Lake. 

273. The uses o£ salt. The household uses of salt are well 
known. Table salt ought to be of desirable crystalline size 
and should be free from deliquescent impurities, such as MgCl 2 , 
which cause it to cake. About 1 percent of tricalcium phos- 
phate, Ca 3 (P 04 ) 2 , added to salt coats the crystals and makes a 
“free-running” salt. Iodized salt is made by the addition of 
about 0.02 percent potassium iodide. It is intended to prevent 
certain thyroid disorders- Common or rock salt is fed to live- 
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Fig. 225. A screw conveyer han- 
dling salt obtained by evaporation 
o£ the waters of the Pacific Ocean. 
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Stock and is used as a preservative of meats and in the curing 
of hides. Figure 226 shows salt crystals under the microscope. 

While there is an almost unlimited number and variety of 
uses for salt, about 46 percent of the total output is consumed 
in the chemical industries. This is because it is the cheapest 
soyrce of compounds of both chlorine and sodium. 

274. Sodium compounds 
of major importance pre- 
pared from salt. Sodium 
sulfate may be a white anhy- 
drous powder, or it may be 
in the form of its most fa- 
miliar hydrate, which has 
the formula Na 2 S 04 *10 HaO. 
This compound is commonly 
known as Glauber’s salt, be- 
cause it was first used in 
medicine by the alchemist 
Glauber about the middle of 
the seventeenth century. 
Large deposits of mineral so- 
dium sulfate occur in nature, a layer about one foot in thick- 
ness underlying Great Salt Lake. Sodium sulfate is used 
chiefly in the manufacture of glass, and is prepared along 
with hydrochloric acid by the reactipn between salt and sul- 
furic acid: 

2 NaCl + HafSOi) NaafSO^) + 2 HCl f 

Sodium hydroxide dissolved in water is a common laboratory 
base. The pure compound is a white crystalline solid, which is 
highly deliquescent and so soluble that it will dissolve in less 
than its own weight of water. It melts at 318° C., and may 
be cast in the form of sticks, lumps, or flakes for use. It is 
packed and shipped in air-tight containers to prevent it from 
absorbing moisture or reacting with carbon dioxide. 
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Fig. 226 . Crystals o£ sodium 
chloride as viewed with a micro- 
scope. 
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Sodium hydroxide is also known by the name caustic soda, 
because of its corrosive nature and its disintegrating action 
on both animal and vegetable tissues. It is commonly known 
as and is used with a poor 


grade of lard or grease in mak- 
ing soap. It may also be used 
as a paint and varnish re- 
mover. About 700,000 tons of 
sodium hydroxide are made an- 
nually in the United States to 
meet the demand arising from 
its many uses. Most of this 
quantity is used in making 
soap, although sodium hydrox- 
ide is also very essential to the 
refining of petroleum, the 
manufacture of rayon, and the 
preparation of wood pulp used 
to make paper. 

Two commercial methods of 
making sodium hydroxide are 
commonly employed. It is ob- 
tained as a by-product in the 
preparation of chlorine by the 
electrolysis of sodium chloride 
solution: 

2 NaCl -f 2 H 2 O -> 

2 Na(OH) -f Hst + Clst 
It is also prepared by the re- 



Fig. 227. Castner’s electrolytic 
progress for the preparation of 
sodium. A direct current of 
electricity is passed through 
molten sodium hydroxide caus- 
ing it to decompose. Oxygen 
escapes from openings near the 
anodes. Hydrogen collects 
above the cathode and escapes 
through openings provided for 
that purpose. Sodium metal 
also collects as a liquid above 
the cathode. The atmosphere 
of hydrogen prevents the oxi- 
dation of the sodium. 


action between sodium carbonate and slaked lime: 


NaaCCOa) + Ca(OH )2 2 Na(OH) + Ca(COs) 4 

This reaction is carried out in an iron vessel. The insoluble 
calcium carbonate is allowed to settle, and the clear sodium 
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hydroxide solution is drawn off and evaporated. The product 
of both methods is more or less impure, and chemically pure 
sodium hydroxide is best prepared by evaporating the solution 

formed by the reaction be- 
tween sodium and water: 

2Na-j-2HOH-^ 

2 Na(OH) + Ha t 

Sodium metal can be 
prepared by the electrolysis 
of either melted sodium hy- 
droxide or melted sodium 
chloride. The drawing and 
explanation in Figure 227 
presents the details of the 
process. The isolation of 
sodium was first accom- 
plished in 1 807 by Sir 
Humphry Davy (Fig. 228) . 
He prepared both sodium 
and potassium by the elec- 
trolysis of their melted hy- 
droxides: 


Ftom the Lyman Churchill Newell 
History of Chemistry Collection of 
Boston University 

Fig. 228. Sir Humphry Davy 
(1778-1829). One of the first men 
to study electrochemistry, the in- 
ventor of the safety lamp used by 
miners, and discoverer of the an- 
esthetic effect of nitrous oxide. 
He was a brilliant investigator 
and succeeded in isolating a num- 
ber of metals, notably potassium 
and sodium, by means of the elec- 
tric current. 


2Na(OH)-» 

2K-f02t + H2t 

We have learned from 
previous experiments that sodium is an extremely active metal. 
It liberates hydrogen from water, and it reacts with practi- 
cally all acids to form their sodium salts and evolve hydrogen. 
The element is used chiefly in preparing certain sodium com- 
pounds; as a reducing agent in' some chemical reactions; in 
the preparation of certain dyes; and in making tetra-ethyl 
lead, used in making “ethyl” gasoline. The use of sodium in. 
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the new so-called sodium vapor lamp is a promising develop- 
ment in economical and effective illumination, especially in 
lighting highways (Fig. 229). 

Sodium peroxide is prepared by heating thin slices of sodium 
to a temperature of 
300° C. in a current 
of air from which 
the carbon dioxide 
has been removed: 

2 IMa “1“ O 2 — ^ NagOa 

Pure sodium perox- 
ide is a white pow- 
der, but the commer- 
cial product is usu- 
ally yellowish, due to p}g_ 229. A sodium vapor lamp, 

impurities. Nascent 

oxygen is liberated when sodium peroxide and water react: 

2 NaaOs -f 2 H 2 O 4 Na(OH) -f O 2 1 

When properly treated with an acid, hydrogen peroxide is 
produced: 

NaaOa 2 HCl 2 NaCl -f H2O2 

Because of its powerful oxidizing properties, sodium peroxide 
is prepared in fairly large quantities for use in bleaching, espe- 
cially silk and wool. Its reaction with water may also serve 
as a laboratory method of preparing oxygen. 

Sodium bicarbonate, Na(HC 03 ), and sodium carbonate, 
NaaCCOg), are so important that we shall discuss them and 
their method of preparation at some length. The modern 
method of making sodium carbonate was originated by the 
Belgian chemical engineer, Ernest Solvay (Fig. 230). 

275. The Solvay process. The ammonia-soda, or Solvay 
process, has the advantage of requiring only materials which 
are both abundant and cheap. The process consists essen- 
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tially of preparing a-Tnmoniwrn biccLfbonate frona. aniinonia, 
carbon dioxide, and water, and treating it with sodium chloride 
so as to precipitate bicarbonate. This is filtered and 

heated, thereby converting it into normal sodium carbonate. 

The details as to how these 
reactions are brought about 
step by step are very inter- 
esting. 

The ammonia is usually 
obtained as a by-product in 
the coking of coal, and the 
carbon dioxide is made by 
heating limestone: 

Ca(G03) CaO -{- CO2 

The calcium oxide produced 
in this reaction is saved for 
later use. The salt required 
by the process is used in the 
form of a concentrated brine. 
It is put into closed iron ket- 
tles, and is treated with am- 
monia until no more gas will 
dissolve in the solution. The 
resulting mixture is next 
transferred to tall iron towers 
having numerous perforated 
shelves within. Carbon di- 
oxide imder pressure is admitted at the bottom of such a 
tower. A chemical reaction follows which produces a pre- 
cipitate of sodium bicarbonate: 

NaCl -f NHs + CO2 + H2O -» NaHCOg i -f NH4CI 

This reaction may be thought of as occurring in a series of 
steps, as shown by the following equations: 


Fig. 230. Ernest Solvay (1839- 
1922). A Belgian chemist known 
chiefly for his method of prepar- 
ing sodium carbonate from so- 
dium chloride, ammonia, and car- 
bon dioxide. The perfection of 
this method brought him great 
wealth, a large portion of which 
he contributed to philanthropic 
work. 
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(1) NH3 + H0H^(NH4)(0H) 

(2) HaO + COa-^HaCCOs) 

(3) (NH 4 ) (OH) + HaCCOs) (NH 4 ) (HCO 3 ) + HOH 

(4) (NH 4 )(HC 03 ) +NaCl-» NaCHCOs) + (NH 4 )a 

The dried sodium bicarbonate is converted into normal 
sodium carbonate by heating it gently in a rotating iron drum: 

2 Na(HC 03 ) NaaCCOs) + HaO + CO 2 1 

The carbon dioxide given off by this reaction is passed back 
into the precipitating tower just described. The ammonium 
chloride solution in the tower is drawn off and is treated with 
calcium oxide to liberate the ammonia gas : 

(1) CaO + HaO Ca(OH )2 

(2) Ca(OH)a + 2(NH4)Cl-» CaCla + 2 NH 3 1 + 2 HaO 

Thus the ammonia can be recovered and used over and over 
again with very little loss. Calcium chloride is a by-product, 
the uses of which are discussed in Section 285. 

Sodium carbonate and sodium bicarbonate are both very 
useful. In the United States, the total annual production of 
sodium carbonate amounts to about two million tons. One- 
half of this amount is consumed about equally in the soap 
and glass industries, and the rest is used in softening hard 
water, in making paper pulp, in laundries, and in making 
sodium hydroxide and other sodium compounds. The formula 
of the common form of sodium carbonate is NaaCOs *10 HaO; 
it is known as washing soda or sal soda. Sodium bicarbonate 
is chiefly used as baking soda, and in making baking powders, 
although much of it is also consumed in certain kinds of fire 
extinguishers. 

276. Other sodium compounds derived from salt. 
Sodium sulfite may be thought of as a salt of sulfurous acid. 
It is prepared from sodium bisulfite as shown by the follow- 
ing equation: 

2 NafHSOs) + NaaCCOg) 2 NaafSOg) + HaO -f CO 2 f 
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The bisulfite is prepared by saturating a sodium carbonate 
solution with sulfur dioxide, whereupon the chemical reactions 
indicated by the following equations take place: 

(1) HsO-fSOa-^HsCSOs) 

(2) 2 H 2 (SOs) -}-Na 2 (C 03 ) — » 2 Na(HS 03 ) -j- H 2 O CO 2 ■! 

Like sulfurous acid, both sulfites combine readily with oxygen 
and are converted into the corresponding sulfates. For this 
reason these salts are reducing agents. They have a limited 
use in bleaching and as preservatives. They may serve as the 
source of small amounts of sulfur dioxide in the laboratory: 

NaafSOs) + 2 HCl ^ 2 NaCl + H 2 O + SO 2 1 

Sodium thios%iljate is prepared by warming a mixture of 
sulfur and sodium sulfite: 

Na2(S03) “f- S — >Na2S203 

When the resulting solution is evaporated, crystals having the 
formula Na 2 S 203 • S H 2 O are deposited. Sodium thiosulfate is 
chiefly used in photography to dissolve the unaffected silver 
salts from the negative. Photographers speak of it as hypo- 
sulfite of soda, or simply hypo. It is also used to remove excess 
chlorine during bleaching, the reaction being: 

Na 2 S 203 4- H 2 O -j- CI 2 Na 2 (S 04 ) + 2 HCl + S 4- 

When spread out on a surface and melted and smoothed with a 
hot iron, sodium thiosulfate not only looks like ice, but is 
actually used for this purpose by fancy ice-skaters who per- 
form on the stage or on indoor rinks. The reaction between 
sodium thiosulfate and an acid evolves sulfur dioxide and forms 
a precipitate of colloidal sulfur according to the equation: 

Na 2 S 203 + 2 HCl 2 NaCl -f H 2 O + SO 2 1 + S 4 
This behavior provides a reliable test for a thiosulfate. 
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Sodium sulpie is a compound of limited use, but the two 
ways of preparing it involve some interesting chemistry. It is 
usually prepared by reducing sodium sulfate with carbon: 

NaaCSOi) + 4 C NaaS + 4 CO t 

But it can also be made by mixing equal volumes of sodium 
hydroxide solution, one of which has previously been saturated 
with hydrogen sulfide. The equations for the reactions in- 
volved are: 

( 1 ) Na(OH) -f HaS NaHS -f HaO 

(2) NaHS + NaOH-^NaaS-fHaO 

Sodium sulfide is used in making certain dyes and in removing 
hair from hides. The latter use depends on the fact that its 
solution is very basic due to hydrolysis: 

NaaS -f HOH ^ NaHS -f Na(OH) 

Sodium cyanide, used in the extraction of gold and silver 
from their ores and in certain electroplating solutions, is 
formed as indicated by the following equation: 

2 NaCl + CaCNa -f C -» 2 NaCN -f- CaCla 

It is the source of hydrocyanic acid used in fumigating citrus 
fruit trees: 

NaCN -h HCl HCN t + NaCl 

This acid and its salts are among the most violent poisons 
known. 

277. Other minerals of sodium. The mineral form of 
sodium nitrate, known as caliche, occurs in vast deposits in 
the dry regions of Chile and Peru. In addition to the uses of 
sodium nitrate given in Table 21 on page 394, it is used in 
making sodium nitrite by heating it with lead: 

NaCNOs) + Pb PbO -f NaCNOa) 
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This salt is another of the several sodium compounds used in 
the making of certain organic dyes. 

Sodium borate, the common variety of which is known as 
borax, Na2B4O7*10 HgO, occurs in certain parts of the Mojave 
Desert in California in the form of kernite, Na2B407*4 H2O. 
Kernite is usually known as rasorite, especially in the trade. 
This mineral is mined, and because it has large quantities of 
insoluble clay and shale associated with it, it is treated with 
hot water. The insoluble earthy materials settle, or are re- 
moved by filtration, and crystals of borax separate as the solu- 
tion cools. BorEiX is a common household chemical used on a 
small scale as a water softener; as a cleansing and deodoriz- 
ing agent; and as a help in getting rid of insects. Commer- 
cially, it is used in making soap and certain varieties of glass; 
in glazing and enameling cooking utensils; as a flux in solder- 
ing and welding; and as a source of boric acid and other com- 
pounds of the element boron: 

(1) NasCBiOr) -|- HafSOD 5 H 2 O -4 4 HsCBOs) -f- Na2(S04) 

(2) 2 HsfBOs) B 2 O 3 + 3 H 2 O 

Boric acid is a white compound whose flat, scale-like crystals 
have a greasy feel. For this reason it can be used to improve 
the quality of the surfaces of dance floors. A saturated water 
solution has very feeble acid properties, and is frequently used 
as an eyewash because of its mild antiseptic action. 

278 . Natural sources of potassium minerals. The most 
noted deposits of potassium minerals are located in Germany. 
They consist chiefly of the chloride and sulfate associated with 
various compounds of calcium and magnesium. These deposits 
consist of a series of strata containing over thirty different 
minerals, and must have been deposited from sea water during 
very unusual geological circumstances. Since the deposits 
were originally worked near Stassfurt, Germany, the com- 
pounds composing them are known collectively as the Stass- 
furt salts. From the standpoint of potassium, the most im- 
portant minerals are: 
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Sylvite KCl 

Carnallite KCi-MgCl2-6 H^O 

Kainite MgSOi -KCI -3 H2G 

Sehonite K2S04*MgS04*6 H2O 


Prior to the World War, the United States was dependent 
upon German potash imports. This source of supply was cut 



Courtesy American Potash Institute, inc. 


Fig. 231. Interior of a mine from which potassium salts are ob- 
tained. The ore is mined by machinery and mechanically loaded 

into cars. 

off during the war and we were forced to seek this necessary 
mineral elsewhere. The natural brines of certain lakes — 
particularly Searles Lake, California — in the arid southwestern 
part of the country were found to contain potassium com- 
pounds in limited quantities. Recently, deposits of sylvinite 
have been located in New Mexico near the famous Carlsbad 
Caverns. This mineral is a pink-colored mixture of sodium 
chloride and potassium chloride, and it occurs as a layer ten 
to twelve feet thick, underlying a large area. The estimated 
annual consumption of potash in the United States is 300,000 
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tons. Since the mines in New Mexico are equipped to pro- 
duce 460,000 tons a year, and the Searles Lake development 
is now extracting 100,000 tons per year, it is clear that America 
is independent of foreign sources of an essential chemical. 

279. Preparation and uses of potassium derivatives. 
Potassium chloride is perhaps the most important compound 
of potassium, because it is the starting point for manufacturing 
practically all otier salts of this element. 

Potassium hydroxide, sometimes called caustic potash, cm. 
be prepared by the same two methods employed in manufactur- 
ing sodium hydroxide, and the properties of these two hydrox- 
ides are very similar. Potassium hydroxide is of minor com- 
mercial importance, its chief use being in the manufacture of 
soft soap, like shaving cream. In the laboratory it is often 
used to absorb carbon dioxide during chemical analysis; 

2 K(OH) -1- COa-^ KaCCOs) -f H 2 O 

Potassium hydroxide serves as the scarce of potassium metal, 
which is prepared like sodium, but which has no particular 
industrial use. 

Potassium chlorate can be made by treating hot potassium 
hydroxide solution with chlorine: 

6 K(OH) -f- 3 CI 2 K(CIOs) -j- S KCl -f- 3 H 2 O 

This compound is commonly used in the laboratory prepara- 
tion of oxygen, and is a constituent of many fireworks and 
powders. 

Next to the chloride, potassium carbonate is the most im- 
portant salt of potassium. It is used in making soft soap, hard 
glass, and in washing and cleaning wool in preparation for 
dyeing. Since the ashes of most plants, and certain ones in 
particular, contain potassium carbonate, it was formerly pre- 
pared by leaching wood ashes with water in iron pots— hence 
the common name potash. Potassium carbonate cannot be 
prepared by the Solvay process, because KHCO 3 , unlike 
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NaHCOs, is readily soluble in water and does not precipitate. 
It is prepared by reducing the sulfate with carbon and heating 
the resulting potassium sulfide with calcium carbonate: 

(1) K2(S04) +4C->K2S + 4COt 

(2) K2S + Ca(C03)->K2(C03 ) +CaS 

Potassium sulfate, for use in making the carbonate, as a 
potassium fertilizer, and in the preparation of potassium alum, 
can be made by the reaction between the chloride and sulfuric 
acid: 

2 KCl + H2(S04) K2(S04) + 2 HCl t 

Most of it is prepared commercially, however, from the mineral 
schomte by treating it with potassium chloride: 

K2(S04) • Mg(S04) + 2 KCl 2 K2(S04) + MgCls 

Potassium nitrate, commonly called saltpeter or niter, occurs 
in some of the drier regions of the world where it was prob- 
ably formed by the decay of nitrogenous organic matter. Com- 
mercially, it is prepared chiefly from potassium chloride and 
sodium nitrate: 

m -f Na(N03 ) K(N 03) + NaCl 

This method of preparation depends on the solubilities of the 
four compounds involved. They are all fairly soluble in cold 
water, but as shown by the solubility curves in Figure 232, po- 
tassium nitrate is far more soluble than sodium chloride in hot 
water. Consequently, when hot saturated solutions of sodium 
nitrate and potassium chloride are mixed and cooled, the solu- 
bility of sodium chloride is exceeded first and it begins to 
crystallize. The precipitated salt can be filtered out, leaving 
the potassium nitrate in solution. When the filtrate is further 
cooled, potassium nitrate crystals of high purity separate. 

The uses for potassium nitrate depend chiefly upon its prop- 
erty of being an excellent oxidizing agent. For this reason it 
is used in making fuses and fireworks; but its chief use is in 
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the manufacture of black gunpowder. Small amounts are also 
used in medicine and as a preservative for meats. 

280 . The chemistry of baking 
powders. Since baking powder has 
sodium bicarbonate as an essential 
ingredient, it may well be discussed 
in connection with this problem. 

A baking powder is a mixture of 
two or more chemicals which are 
inert when dry; but which, when wet, 
react to produce carbon dioxide. In 
addition to sodium bicarbonate, 
which is often called saleratus, mean- 
ing “the salt that aerates,” baking 
powders contain some constituent 
which gives an acid reaction on the 
addition of water or milk. This is 
necessary for the liberation of car- 
bon dioxide. They may also contain 
starch as a diluent, and dried egg 
albumin to prevent the too rapid 
escape of the carbon dioxide. Bak- 
ing powders are usually classified as 
Fig. 232. Solubility tartrate, phosphate, or sulfate ac- 

^yes of KNOa, NaCl, cording to their acid-forming con- 
KCl, and NaNOa. A ° 

Study of these curves will Stltuent: 

.r'ptpjV'Kmrw . powders con- 

KCl and NaNOs. tain tartanc acid, H2(C4H40e), or 
cream of tartar, KH(C4H406), or a 
mixture of both. When mixed with water, tartrate baking 
powders react as indicated by the following equations: 

(1 ) H2(C4H406) + 2 NaCHCOs) 

Na2(C4H406) -f 2 H 2 O -f 2 C02t 

( 2 ) KHCCiHiOe; -f NafHCOa) -» 

NaK(C4H40c) + H 2 O -f CO 2 f 
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(2) Phosphate baking powders usually contain primary cal- 
cium phosphate as their acid-forming constituent, and when 
placed in water, the following reaction takes place; 

CaH4(P04)2 -f- 2 NafHCOa) -s. 

CaH(P04) Na2H(P04) + 2 HaO -f 2 CO2 1 

(3) Sidjate baking powders usually contain sodium alumi- 
num sulfate or a chemically similar compound. When it re- 
acts with water it hydrolyzes and supplies the hydrogen ions 
necessary to react with the sodium bicarbonate. The reactions 
of such baking powders follow; 

(1) 6 Na(HC03) -f2(NH4)Al(S04)2-» 

2 A1(0H)34- + 3 NaaCSOi) -f- (NH4)2(S04) -j- 6 COat 

(2) 6Na(HC03) +2KA1(S04)2-» 

2 A1(0H)3 i -f- 3 Na2(sb4) + KsfSOi) + 6 CO2 1 

(3) 3Na(HC03) -f NaAl(S04)2-» 

A1,(0H)3 4 •+■ 2 Na2(S04) -f 3 CO2 1 

281. Chemical fire extinguishers. The soda-acid fire ex- 
tinguisher illustrates another interesting use of sodium bicar- 
bonate. Fire extinguishers of this type (Fig. 233) contain a 
large volume of sodium bicarbonate solution and a small bottle 
of sulfuric acid. The latter has a loose-fitting stopper which 
drops out of place when the extinguisher is turned upside down 
at the time it is used, thereby permitting the two chemicals 
to react: 

2 NafHCOs) + HafSOi) -»Na2(S04) -f 2 H2O -+■ 2 CO2 1 

The pressure of the carbon dioxide so evolved forces a stream 
of liquid from the nozzle of the fire extinguisher, the carbon 
dioxide mixing with it. 

In the foamite method oi extinguishing fires, the carbon di- 
oxide is produced by a reaction between solutions of sodium 
bicarbonate and aluminum sulfate: 

6 NaCHCOs) -f Al2(S04)3-^2 Al(OH)3vH- 3 Na2(S04) -f 6 COaf 
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The sodium bicarbonate solution also contains a small amount 
of firefoam liquid, which is extracted from licorice root. This 

« mixes with the gelatinous aluminum hydrox- 
ide to form a tough, colloidal foam contain- 
ing millions of bubbles of carbon dioxide. 
Firefoam is especially effective in combating 
oil fires, because it covers the burning sur- 
face with a blanket of carbon dioxide foam 
which excludes air from the burning surface 


Problem Summary Exercises that 

BBBB ■ 1. Give some reasons or statistics to prove 

J that salt is one of the two or three most impor- 

2. Describe briefly the production of salt 
evaporation; by mining; by brine ex- 

Courtesy Ainencan- traction. 

liaFrance and Foam- . -r^ • « i t - 

ite Industries, Inc. 3. Bneny identify each of the following as 

Fig. 233, Section- to composition and uses: rock salt; iodized salt; 

acidT^^fire^^ ex^n soda; borax; hypo; saltpeter; 

guisher. The small saltpeter; caustic potash; potassium alum, 

bottle suspended 4. What are the raw materials of the Solvay 

thefire^ extinguish- Process? What are the two chief products? 
er contains sulfu- Name an important by-product, 
ric acid T^he larcfe 

reservoir below Write a series of equations to show how 

contains a solution the products of the Solvay process are manufac- 

bLa^°e'?‘ Tilting all ^red from the raw materials, 
lows ^ these two 6. Select ten sodium and potassium com- 

fn^”^con\act ^ and Studied in this problem and tabulate 

form carbon diox- them in a chart headed as follows: 
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fate, sodium carbonate, and potassium carbonate are all used in mak- 
ing glass. 

8. Write equations to show how each of the following com- 
pounds could be prepared directly or indirectly from KCl; K0SO4; 
KOH; KNO3. 
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Fig. 234. Comparative effect o£ water and Firefoam on a tank of 

burning liquid. 

9. What is the present status of the United States as to supplies 
of potassium minerals? 

10. Name three varieties of baking powder, and tell upon what 
basis they are classified. What essential ingredient is common to all 
three? What is its purpose? 

11. Write a paragraph to explain how the chemistry of sodium 
probably illustrates the family relationships among the alkali metals. 

PROBLEM 3: WHAT ARE THE IMPORTANT CALCIUM 

AND MAGNESIUM MINERALS AND HOW ARE THEY 
■ APPLIED? 

Problem Assignment. Have you ever explored an 
underground cavern? If so, did you wonder how the vast 
chambers were formed and how the beautiful icicle-like 
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formations and columns developed? Caves are usually 
found in limestone regions, and it is possible to explain the 
chemistry of their formation by a simple test-tube experi- 
ment. In the same general localities where caves are found, 
you are also apt to see numerous limestone quarries and 
plants for the manufacture of lime, cement, and other lime- 
stone products. Numerous other compounds of calcium 
and magnesium occur abundantly in the earth’s crust, and 
several serve as basic raw materials for the chemical indus- 
tries. Some of these natural compounds find their wayinto 
water, making it “hard” and requiring the chemist to find 
methods of “softening” such water. These natural com- 
pounds, of course, are called minerals, and it is with them 
— their properties, their applications, and their significance 
to man — that this problem is concerned. 

282. Natural compounds of calcium and magnesium. 
Calcium is the fifth most abundant element in the earth’s crust, 
and magnesium ranks eighth. The position of these metals in 
the activity series indicates that they do not occur in the free 
state. It is thus evident that their compounds must be numer- 
ous and widely distributed. Reference has already been made 
to certain magnesium minerals occurring in the Stassfurt salt 
beds, page 461, and Table 25 contains some interesting data 
concerning other common minerals of calcium and magnesium. 
We shall not discuss all of these minerals in detail, for not all 
are of great importance. 

283. The most abxmdant mineral of calcium. Calcium 
carbonate occurs in all parts of the world in a variety of 
natural forms. These differ chiefly in their physical texture 
and in the impurities present. Ordinary limestone is a sedi- 
mentary rock composed chiefly of calcium carbonate. Many 
mountain ranges are composed wholly of limestone. Marl is a 
variety of limestone which contains a large percentage of clay. 
Other forms of calcium carbonate are pearls, coral, and shell. 
Natural chalk is a soft variety of white limestone formed from 



TABLE 2S 


Minerals of Calcium and Magnesium 


Mineral 

Chemical 

Composition 

Important Uses 

Apatite or phosphate 
rock 

CaF,.Ca3(POp, 

Chiefly in making, . phosphate 
fertilizers. 

Calcium chloride 

CaCi^ (brine) 

In, refrigeration brines; to, lay 
dust 

Dolomite 

CaCCOgl-MgCCOj) 

Building stone ' 

Epsom salts 

Mg(SO^)-7 H^O 

Coating cotton cloth; dyeing; 
tanning ; paints ; soaps ; medi- 
cine 

Fluorite or fluor spar 

CaF^ 

Flux; making opaque glass and 
white enamel ; making hydro- 
fluoric acid 

Gypsum ' 

Ca(S 0 ^)* 2 H 30 

Plaster of Paris; paper filler; 
paints ; fertilizers ; cement 

Limestone 

CaCCOj) 

Building stone;, source of many 
calcium compounds ; making 
cement and lime; flux in 
metallurgy 

Magnesite 

Mg(C 03 ) 

Source of magnesium oxide ; 
used in fire brick and furnace 
linings 

Marble 

Ca(C 03 ) 

Decorative building stone 

Mari 

CaCCOg) 

Building materials 

Phosphorite 

Ca^CPO,)^ 

Making phosphate fertilizers 

Colemanite 


Manufacture of borax 








Courtesy G« K.. Gilbert and U. S. Geological Survey 

Fig, 235. Rhythmic alternations o£ limestone and shale. 





Courtesy The Georgia IMarble Company 


Fig. 236. Quarrying marble, 
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the shell of tiny sea animals, while coquina limestone, common 
in Florida, is composed of larger shells. 

Pure calcium carbonate is known as calcite, and occurs as 
colorless crystals of the hexagonal system. Unusually fine 
transparent specimens are found in Iceland, for which reason 
this variety is known as 
Iceland spar. Such crystals 
have the remarkable prop- 
erty of double refraction, 
which means that they 
affect light so that ob- 
jects appear double when 
viewed through them. 

Marble composed of an 
interlaced mass of tiny 
calcite crystals. It is a 
metamorphic rock which 
was probably formed by 
the quick crystallization of 
molten limestone under 
enormous pressure. The 
sparkling appearance of 
freshly broken marble is 
caused by the crystals, 
and the various colors are 
due to impurities. The 
uses of marble are well known (Fig. 237). 

Calcium carbonate can be prepared in the laboratory by the 
reaction between a soluble calcium salt and a soluble car- 
bonate: 


Fig, 237. Lincoln Memorial, 
Washington, D. C. The statue, 
columns, and walls are construct- 
ed o£ marble. 


CaCla + NaafCOs) -^2 NaCl + Ca(C 03 ) I 


This variety is a white powder composed of microscopic cal- 
cite crystals. It is known as precipitated chalk or whiting, 
and is used as a polishing agent in dentifrices and as a paint 
pigment or filler. Six parts by weight of precipitated chalk 



Courtesy U. S. National Park Service 

Fig, 238. Kings Palace, Carlsbad 
Caverns, New Mexico. Large 
stalagmite dome with drapery 
stalactites above it. Such natu- 
ral caverns have been many 
thousands of years in the process 
of their formation. 
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mixed with one part by weight of linseed oil form ordinary 
putty. 

284. Caves and caverns. Calcium carbonate is generally 
considered to be insoluble in water. But water charged with 

carbon dioxide dissolves cal- 
cium carbonate by changing 
it chemically into soluble 
calcium bicarbonate as 
shown in the equation; 

CafGOs) + H20 + C02-> 
CaCHCOsla 

Ground-water ordinarily 
contains a large amount of 
carbon dioxide, and as a re- 
sult, it slowly dissolves the 
calcium carbonate as it 
trickles downward through 
layers of limestone. Caves 
and caverns are formed as a 
result of the limestone being 
carried away in solution 
(Fig. 238). Among the 
most famous examples of 
such geological formations 
are Luray Cavern of Vir- 
ginia, Mammoth Cave of 
Kentucky, and Carlsbad 
Caverns of New Mexi 

The beautiful formations found inside most caverns 
explained by rather simple chemistry. Since the reaction 
tween carbonated water and calcium carbonate is reversible, 
drops of water containing dissolved calcium carbonate, and 
hanging from the roofs of caves, slowly lose carbon dioxide, 
and precipitate calcium carbonate; 

Ca(HC08)2 CafCOs) I + HgO -f COo 
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As a result of evaporation, other 'dissolved minerals may also 
accumulate in these formations. The icicle-like spines sus- 
pended from the roofs of caves are known as sialactites y\vhile 
the deposits which are built up from the floor are called 
stalagmites. As deposition continues through the years, these 
formations slowly ^.^grow’’ and in time may unite to -form a 
column. The chemical .explanation of such natural ' beauty 
should increase our appreciation- of .the workings of -nattire. 



Fig. 239, Quarrying limestone rock, used in the making 
of cement. 


285. Uses of limestone. More than 100 million tons of 
limestone are quarried annually in the U. S. A. (Fig. 239). 
Much of it is crushed to size for use in road construction, and 
certain grades of limestone are very desirable as a building 
material. Thousands of tons of limestone are used annually 
as a flux in the operation of blast furnaces for the production 
of pig iron (Sec. 301). Enormous quantities of all grades of 
limestone are used in the manufacture of cement, and a purer, 
white variety is an indispensable raw material in the making of 
glass. The use of limestone in the Solvay process was ex- 
plained in the last problem, and its value for correcting soil 
acidity was discussed in Section 259. 

Limestone is also of great importance as the source material 
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for making many calcium compounds not found in nature. 
The first step in preparing the largest number of limestone 
derivatives is to change the limestone into calcium oxide by 
heating it: * 

Ca(C03)-»Ca0-f COat 

When calcium oxide is heated with coke in an electric furnace, 
calcium carbide is produced: 

CaO-fSC-^CaCa + COt 

This compound is the familiar grayish solid which reacts with 
water to iorm acetylene, used in the welding and cutting of 
metals: 

CaCa -f 2 HaO-^ Ca{OH)2 + CaHa f 

Calcium chloride occurs as a mineral in sea water and in 
many natural brines, but large quantities are also obtained as 
a by-product of the Solvay process. If the pure salt is desired, 
it may be formed by the action of hydrochloric acid on calcium 
carbonate: 

CafCOs) -{- 2 HCl CaCIa -f HaO -f- COa f 

Upon evaporating and crystallizing the resulting solution, 
hexagonal crystals of CaCla • 6 HaO separate. When heated to 
temperatures above 260° C., this salt passes into the anhydrous 
condition and becomes a whitish, porous mass. In this form, 
calcium chloride is very deliquescent. It is, therefore, one of 
the most widely used drying agents, and is also used to some 
extent to prevent dust on roads (Fig. 240) and cinder paths. 
Because of their low freezing points, solutions of calcium 
chloride are used in some refrigeration systems. The hexahy- 
drate and ice can be mixed in proportions making it possible 
to obtain a temperature of —54.90° C. For this reason, cal- 
cium chloride finds some use in the removal of snow and ice 
from highways. The accumulation of calcium chloride from 
all sources so far exceeds the demand for it, however, that the 
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Courtesy The Dow Chemical Oompauy 




Fig. 240. _ Calcium chloride under the trade name of Dowflake is 
being sprinkled on a road. Its deliquescence not only keeps the dust 
down but also serves as a road binder. 
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individual who finds some extensive useful applications for this 
compound will perform a great service for chemical industry. 

Calcium metal is now prepared by the electrolysis of melted 
calcium chloride. It was first isolated by the electrolysis of the 
hydroxide by Sir Humphry Davy: 

Ca(OH)2 — ^ Ca -{- O 2 ^ “I" Hg 


Calcium is a silver-white metal slightly less active than sodium. 
The uses of calcium are few, and the demand for it is small. 
It is used to a limited extent in making some alloys, and is a 
strong reducing agent. 

286. Lime products and their applications. Calcium 
oxide, also known as lime, quicklime, and burnt lime, is such a 
useful compound, and can be prepared so cheaply, that over 
2,000,000 tons are produced annually in the United States. 
The commercial method of preparing calcium oxide consists 
of heating crushed limestone or waste marble chips in either 
a vertical or rotary kiln (Fig. 241): 


CafCOg) CaO + CO 2 




ffili 
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Since the action is reversible, a draft of air is maintained 
through the furnace to sweep out the carbon dioxide and pre- 
vent it from recombining with the calcium oxide. Lime is a 
white amorphous powder which glows brilliantly without melt- 


Fig. 241. Rotary lime kilns. Each kiln has a capacity of 100 tons 
of lime per 24-hour day. 


ing when heated to a high temperature. For this reason, it 
was formerly used in theatrical spotlights — Whence the expres- 
sion, “in the limelight.” It has a great avidity for water, with 
which it combines, evolving a great amount of heat: 

CaO -f- H 2 O— » Ca(0H)2 -j- 1S,S40 calories 

The product of this reaction is known as slaked lime, and the 
process is called slaking. Lime is used in glass-making; in 
the production of metals from their ores; and in the manufac- 
ture of other calcium compounds, principally the hydroxide. 
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Courtesy National Lime Association 
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Calcium hydroxide, Ca(OH)2j'is - prepared by combining 
lime, with the calculated weight of water. This rnay ' be .done 
at -the time it is to be used, but it is more, common to slake -the 
lime at the factory. This practice eliminates the hazard of 


Fig. 242. Mixing tanks and settling basins used in the purification 
of water. Calcium hydroxide and ferrous sulfate react with each 
other to form a precipitate. As the precipitate settles to the bottom, 
it carries with it suspended impurities in the water. 


fire, which might be caused by the heat that would be evolved 
if the lime were to become wet. When pure, calcium hydrox- 
ide is a white, non-crystalline powder. It is only slightly sol- 
uble in water, and its solubility decreases with an increase 
in temperature. Its water solution, known as limewater, is 
only a fairly strong base, but because it is cheap it is the most 
widely used industrial alkali. Some idea of the fundamental 
importance of slaked lime can be gained by observing that it is 
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used in softening water; in making bleaching powder, sodium 
hydroxide, and potassium hydroxide, and various insecticides 
(Sec. 264); in neutralizing soil acidity; in removing the hair 
from hides to be made into leather; and in the making of such 
building materials as plaster and mortar. 

287. Mortar and plaster. Sand and water are mixed with 
calcium hydroxide in order to make lime mortar, such as that 
used in building construction. The mortar “sets” as the water 
slowly evaporates, but it really "hardens” over a compara- 
tively long period of time, chiefly because of the chemical re- 
action represented by the following equation: 

Ca(OH)2 -f CO2 CafCOs) 4 -f HaO 

Besides giving strength and hardness to the mortar, the sand 
serves to make it more porous, thereby providing for a better 
circulation of carbon dioxide. It also helps to prevent the 
mortar from shrinking and cracking as it hardens. 

Plaster is very similar to mortar, but often contains hair or 
wood fiber which makes it stick better until it sets. Most in- 
terior plasters used today, however, are manufactured products 
composed principally of plaster of Paris. Plaster for exterior 
use generally contains cement to make it harder and to in- 
crease its resistance to weathering. Such an exterior finish, 
known as stucco, may be had in a variety of colors. It is very 
popular in certain sections of this country. 

288. Other minerals of calcium. The occurrence and uses 
of phosphorite and apatite have been discussed in Section 246 
and fluorite in Section 194. To complete our study of the 
more common and important minerals of calcium we need 
only consider the various natural forms of calcium sulfate. 

The most abundant mineral form of calcium sulfate is 
gypsum, Ca(S 04 ) • 2 H 2 O. It commonly occurs as a white 
rock-like mass streaked with green, brown, and other colors 
which are caused by impurities. Transparent crystals of this 
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mineral are known as selenite, and another variety of gypsum 
which is very white and opaque is named alabaster. It is soft 
enough to be scratched with the finger-nail, and is very durable. 
For these two reasons, 
alabaster is a favorite 
material to be used in 
making statuary and dec- 
orative carvings. It is 
too soft to be used as a 
building stone. Anhy- 
drite is another mineral 
variety of calcium sul- 
fate, but, as its name in- 
dicates, this compound is 
anhydrous, its formula 
being simply CaSOi. 

Thick layers of anhy- 
drite overlie the sulfur 
deposits of Louisiana and 
Texas. 

Gypsum is mined 
chiefly in New York, 

Michigan, Iowa, Texas, 
and Ohio, although at 
least twenty states con- 
tribute to the total an- 
nual production of about 
three million tons. Its 
chief applications are as 
a paint pigment; as a 
filler for certain grades of paper; as a constituent of fertilizers 
for soils deficient in sulfur or calcium; and as the source ma- 
terial for the manufacture of plaster of Paris and other related 
gypsum derivatives. 

If gypsum is carefully heated to a temperature not exceed- 


Fig. 243. By-product calcium sulfate 
fabricated into board dimensions^ and 
being utilized for fireproof and insu- 
lating flooring. 
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ing 130° C., the resulting product consists chiefly of the half- 
hydrate, (CaS04)2*H20: 

2 Ca(S04)- 2 H2 O (CaS04)2*H20 -f 3 H2O 

When treated in this manner, the pieces of gypsum retain their 
original form and size, and must be ground and powdered to 
prepare plaster of Paris. This product is used in making wall- 
board or plaster board and shingles; for making plaster casts 
in surgery and art work; and as the white surface coat in 
plastering. It sets and hardens due to a reversal of the reac- 
tion by which it is manufactured^ Completely dehydrated 
gypsum can be obtained at temperatures ranging from 175° to 

250° C.: Ca(S04) • 2 HaO Ca(S04) + 2 H3O 

The product of this reaction possesses unusually desirable 
qualities as a drying agent and has the trade name of Drierite. 

289. Magnesium minerals and their products. The most 
important mineral used in preparing magnesium compounds is 
magnesite, Mg(C03), which occurs abundantly in Washington 
and California. Like calcium carbonate, this compound is de- 
composed by heating: 

MgfCOs) ^ MgO -t CO2 1 

This reaction is usually carried out in an electric furnace. 

Magnesium oxide is also known as magnesia. It is a fluffy 
white powder, almost insoluble in water, with which it slowly 
combines to form white, insoluble magnesium hydroxide, com- 
monly known as <?/ wagwewa.' 

MgO + H2O ^ Mg(OH)2 i 

Because of its porous nature, magnesium oxide is a poor con- 
ductor of heat — ^in other words, it is an excellent insulator. 
For this reason, and because it is very refractory (hard to 
melt), it is used in making insulating covering for steam and; 
hot-water pipes, for making firebrick to be used in lining high- 
temperature furnaces, and for making big crucibles. Calcium 
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oxide and natural magnesium carbonate are other refractory 
compounds sometimes used for similar purposes. 

Magnesium chloride could be prepared by treating mag- 
nesium carbonate with hydrochloric acid: 

Mg(C03) 2 HCl MgCla + H^O COo t 

But since it is present in sea water and certain natural brines, 
it is usually extracted from these sources. It crystallizes as the 
hexahydrate MgCl2 • 6 H2O. Anhydrous magnesium chloride 
serves as the source of much commercial magnesium. About 
the only other important industrial use for magnesium chloride 
is in the making of artificial stone for flooring purposes. When 
it is mixed with magnesium oxide, water, and asbestos or wood 
fiber, the plastic mass sets to a very hard rock-like material 
which is useful as stucco, floor tiling, and for similar applica- 
tions. The name of this kind of magnesia oxychlo- 

ride, sometimes called Sorel cement. Its composition is altered, 
and its quality for certain uses is improved, by substituting 
magnesium sulfate for the chloride. The product formed by 
this mixture is called magwesf a 

Magnesium sulfate is a soluble compound which was first 
obtained from the water of a famous tnineral spring near 
Epsom, England; hence the name Epsom salt for the crystals, 
which have the formula Mg(S04) • 7 HoO. Magnesium sulfate 
occurs as a mineral in many salt beds, especially in the Stass- 
furt salt beds of Germany and in Wyoming and Washington. 
The applications of magnesium sulfate include its use as a laxa- 
tive; in the tanning and dyeing industries; and in the manu- 
facture of paint. 

290. The chemistry of hard water. We are all familiar 
with the undesirability of hard water for laundry purposes and 
for use in boilers, but our usual explanation that such water 
contains lime does not indicate the real cause of hardness in 
water. The chemist attributes this condition to the presence 
of calcium and magnesium ions, and these come from dis- 
solved minerals in the water. Various methods are known for 
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removing these minerals from “hard” water, after which it is 
termed “soft” water. 

Two kinds of hardness are recognized; -mimely, temporary 
hardness and permanent hardness. The distinction is based 
upon different treatments for softening such water, which in 
turn are determined by the minerals present in the water. 

(1) Temporary hardness is caused by the bicarbonates of 
calcium and magnesium. These salts are soluble and are there- 
fore ionized; but they can be removed from solution by the 
simple process of boiling, which causes their decomposition as 
follows : 

Ca++, 2 (HCOs) - -» CaCCOs) i -f H2O -f CO2 1 
Mg++, 2 (HCOs) - MgCCOs) J, -f- H 2 O -f CO2 f 

This method of softening such water is not practicable for 
large-scale purposes, however, and these objectionable minerals 
are precipitated by the chemical action of lime: 

Ca++, 2(HC03)- 4- Ga++, 2(OH)- 2 Ca(C03) 4- -f 2 H2O 

Mg++, 2(HC03)- 4- 2(Ca++, 2 (OH)-) 

Mg(OH )2 4 4- 2 Ca(C03) 1 4- 2 H 2 O 

(2) Permanent hardness cannot be corrected by boiling the 
water, because it is usually caused by such minerals as calcium 
sulfate and magnesium sulfate. These compounds are not de- 
composed by heat, and they must be removed by chemical re- 
actions. Calcium carbonate is the most insoluble common com- 
pound of calcium, and Ca++ ions can be precipitated by the 
action of sodium carbonate: 

Ca++, (SO 4 ) — 4- 2 Na+, (CO 3 ) — 

Ca(C03) 4 -f 2 Na+, (SO*) — 

Mg++ ions are precipitated as Mg(OH)2, because this is the 
most insoluble of the common magnesium compounds. Cal- 
cium hydroxide is used to affect the precipitation: 

Mg++, (SO4)— 4-Ca++,2(OH)--^ 

Mg(OH)2 44-Ca++, (SO 4 )-- 
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The minerals mentioned are not the only ones that cause per- 
manent hardness, but in general, the methods mentioned for 
removing these minerals are also applicable to the removal of 
others. 

You may wonder about the last reaction given; it not only 
precipitates magnesium hydroxide, but also produces calcium 
sulfate which would increase hardness. This situation is taken 



Fig. 244. The photomicrograph on the left shows cotton which has 
been washed in hard water while the one on the right shows cotton 
which has been washed in softened water. 


care of in commercial practice by the use of a mixture of cal- 
cium hydroxide and sodium carbonate, the latter reacting with 
all of the calcium sulfate from all sources. Another reason 
for using a mixture of these two chemicals is that they will 
remove the causes of both temporary and permanent hardness. 

When water is to be softened on a large scale for city or 
industrial use, an analysis is run to determine the extent of 
both temporary and permanent hardness. Calcium hydroxide 
and sodium carbonate are then added in the amounts calculated 
to precipitate the minerals causing the hardness. The water is 
filtered, or is allowed to stand until the precipitate settles, be- 
fore it is used. In the home, the softening of hard water is 
usually accomplished by commercial preparations, such as 
washing soda, ammonia water, borax, or trisodium phosphate. 
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A great economic loss must be charged annually to hard 
water. Soap is composed of the soluble sodium salts of certain 


xne remutit uonipan^ 

Fig, 245. The internal diameter of this pipe has been reduced from 
SIX inches to less than two inches by the accumulation of deposits 
precipitated from hard water. Such deposits are known as “boiler 

scale.’^ 


organic acids (Sec. 394), and when it is used with hard water, 
insoluble ccilciuM and Tnagnesium soaps are precipitated as a 
sticky, flocculent curd. The use of additional amounts of soap 
is not only a very wasteful method of softening the water, but 
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the -resulting ■ precipitate is -very objectionablej because it 
forms a film on laundered fabrics or on the walls of the re- 
ceptacles which contain the water. 

The presence of calcium minerals in water to be used for 
industrial purposes also creates many serious problems. Since 
the solubility of calcium sulfate decreases wnth a rise in tem- 


Courtesy The Permutit Company 

Fig. 246. Mining natural zeolite, called “greensand,” in Burlington 
County, New Jersey. 


perature, and since calcium bicarbonate decomposes when it is 
heated, a mixture of the sulfate and carbonate of calcium pre- 
cipitates when water containing these minerals is heated. 
When used in boilers, such water gives rise to a heavy coating 
of boiler scale which forms on the inside of the hot water pipes 
and boiler tubes (Fig. 245). The same reactions are the 
cause of the “liming up” of small heaters and water coils in 
furnaces. Boiler scale not only decreases efficiency and wastes 
much heat, but it may lead to an explosion if it should crack 



486 MODERN-LIFE CHEMISTRY 

and permit water to come into sudden contact with the hot 
boiler tubes. 

The 2 eo/^^e process is widely used in softening water for in- 
dustrial purposes. Zeolite is a complex natural or artificial 
silicate of sodium and aluminum. It looks very much like ordi- 
nary sand (Fig. 246). When hard water is passed through a 



Fig. 247. Principle of zeolite water softener. 


tank containing zeolite (Fig. 247), calcium and magnesium 
ions are removed, because sodium ions from the zeolite are 
exchanged for them. If we let Ze represent the zeolite radical, 
the reaction can be represented by the equation: 

2 Na+, Ze — -f- Ca++, (SO4) — CaZeJ, -f- 2 Na+, (SO4) — 

After a period of time, the sodium zeolite becomes largely 
used up and must be regenerated. This is done by fill- 
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ing it with a 10 percent solution of sodium chloride and allow- 
ing it to stand for the same period of time. . The following 
reaction occurs.*' ' 

CaZe + 2(Na+, C1-) 2 Na+/Ze — + 2 Cl- 

Since the chemical reaction on which the zeolite system, works 
is reversible, only salt is consumed, and the original charge of 
zeolite can be used for several years. 


Problem Summary Exercises that Everyone' Should Do 

1. Name the most abundant calcium mineral, give its formula, 
and describe five common varieties. 

2. Write a paragraph explaining how Mammoth Cave was prob- 
ably formed. Include equations for all chemical reactions. 

3. What are the important uses of limestone? 

4. How may limestone be converted into calcium chloride? 
Lime? Calcium hydroxide? Calcium carbide? Bleaching powder? 
Write equations for all of the reactions involved. 

5. What are the important uses for each of the compounds men- 
tioned in Exercise 4? 

6. Describe the making of plaster and mortar, and write equa- 
tions for the reactions that probably occur during its hardening. 

7. Name and describe three mineral varieties of calcium sulfate. 

8. Tell how plaster of Paris is made and used, and write equa- 
tions for the reactions involved. 

9. Describe the preparation of magnesium oxide from magnesite, 
and tell how it is used in making milk of magnesia and magnesia 
oxychloride. 

10. Explain fully why hard water is objectionable for laundry 
and industrial purposes. 

11. Name two kinds of hard water, and tell the causes of each. 

12. What treatment wiE suffice to soften hard water for home use? 

13. How do cities soften temporary and permanent hard waters? 
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PROBLEM 4: WHAT ARE THE CHARACTERISTIC 
PROPERTIES AND COMPOUNDS OF THE CENTRAL 
ELEMENT OF THE MINERAL WORLD? 

Problem Assignment. Silicon is sometimes called the 
central element of the mineral world because its compounds 
constitute about eighty-seven percent of the crust of the 
earth. Few people have ever seen this element, but its 
compounds play an intimate part in the daily lives of all of 
us. In considering the composition of such materials as 
cement, glass, and pottery, we shall find that compounds 
of silicon have extremely important industrial applications. 

In this problem, we shall study the characteristic properties 
of the more important compounds of silicon in order to 
learn just why they are used in such diverse ways. 

291. The most abundant mineral. It has been estimated 
that about 60 percent of the earth’s crust is made of silica, 
which is the most abundant and widely distributed mineral 
known. It is composed of silicon dioxide, Si02, and occurs in a 
variety of forms. Silica is unusual in that it assumes both the 
amorphous and crystalline modifications. Agate, flint, petri- 
fied wood, and opal are examples of amorphous silica. Among 
the more common forms of crystallized silica are pure quartz, 
sand, amethyst, zxlA diatomite (^ig. 248). 

( 1 ) Pure quartz has characteristic colorless and transparent 
crystals known as rock crystal, which may vary in size from 
that of small grains of sand to several inches in diameter. 
Most quartz crystals are six-sided prisms with the ends termi- 
nating in hexagonal pyramids (Fig. 249). Varieties of quartz 
crystals are often identified by their colors, which are deter- 
mined by the impurities contained in the crystal. Pink, blue, 
green, yeUow, and brown varieties are known. The presence 
of small amounts of manganese oxide produces violet-colored 
quartz known as the oxdimxy amethyst, while the appearance 
of milky quartz is caused by the inclusion of colloidal bubbles 
of air. Rose quartz is pink, and quartz is brown or 

black. 


489 


MINERALOGY AND CHEMISTRY 




When heated to temperatures ranging from 1600° to 1750° 
€., quartz melts and looks 
very much like molten glass, 
which it also resembles in 
its ability to be molded or 
cast. Quartz is resistant to 
the action of most chemical 
reagents and can also with- 
stand quick changes in tem- 
perature without cracking 
and breaking. These prop- 
erties make it useful in 
manufacturing thermometers, 
large lenses, and laboratory 
apparatus (Fig. 250). Some 
hospitals, homes, and sani- 
tariums are now equipped 
with quartz glass windows 
because such glass admits 
the sun’s healthful ultra- 
violet rays which ordinary glass does not admit. 

(2) Sand is the most fa- 
miliar form of silica. When 
pure, it is composed almost 
totally of grains of quartz. 
Sand is one of the most im- 
portant minerals of silicon, 
all grades of it having nu- 
merous applications. Sand 
finds many important uses 
in the manufacture of glass; 

Conrtesy The American Museum of Natural Hiatoiy for moldiug purpOSCS in 

Fig. 249. Some beautiful speci- foundries; in polishing and 
mens of quartz crystals. scouring; in the making of 

bricks and mortar; and in the purification of water by fil- 
tration. 


Courtesy Johns- Jlanville Company 


Fig. 248. Photomicrograpn 
atomaceous. earth. The accumula- 
tion of the shells of minute sea 
organisms called diatoms, results 
in the formation of diatomaceous 
earth. 
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292. Silica and reducing agents. The element silicon can 
be prepared from silica by heating this mineral with such re- 
ducing metals as aluminum and magnesium. At high tempera- 



Fig. 250. Laboratory apparatus made from fused quartz. 


tures, reactions take place as indicated by the following equa- 
tions: 

3 SiOa -f 4 .41 2 AI 2 O 3 -f 3 Si 

SiOa -f- 2 Mg 2 MgO -f Si 

The first of these two methods is usually employed in obtaining 
silicon in the laboratory. Silicon is second to oxygen in abun- 
dance, but does not occur in the free state. It is a brittle solid 
with a grayish luster, and is slightly heavier than the element 
sulfur. The most important commercial use for silicon is as- 



Fig, 251. Carborundum furnace. 


large quantities. If the temperature of the electric furnace is 
increased to about 1800° C. and an excess of coke is present, a 
different reaction takes place: 

Si02 + 3 G-»2 cot + SiC 

The silicon carbide so prepared consists of a mass of crystals 
having a beautiful iridescent purple color. They are very hard, 
and for this reason silicon carbide is extensively used in the 
manufacture of grinding wheels and other abrasives. It goes 
by the trade name of carborundum, oxA the process for making 
it was developed by Acheson (Fig. 2S1). The first furnace 
designed to produce this compoimd on a commercial scale made 
one-quarter of a pound per day which sold at about $880 per 
pound. A modern furnace will produce about 16,000 pounds 
in thirty-six hours, and the price is around fifteen cents a 
pound. 
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293. Silicates. Compounds composed of one or more 
metals combined with silicon and oxygen are caHieA silicates. 
Such compounds are very abundant in the crust of the earth, 
and they may be prepared artificially. 

{1) Manujactwred silicates. The one prepared in largest 
quantities is sodium silicate, known commercially as water 
glass. The methods of preparation are indicated by the fol- 
lowing equations: 

NaaCCOs) -f Si02-»Na2(Si03) + COa t 

2 Na(OH) 4- SiOs NaaCSiOg) -f HsO 

Water glass is a thick, sticky solution which has many useful 
applications. It is one of the cheapest adhesives known, and 
is chiefly used in fastening together the fiber containers used 
in shipping. Certain grades of wallpaper are made grease- 
proof by coating them with water glass. It is also used in 
making cheap soaps; in preserving eggs; in sizing porous sur- 
faces, such as wood, cement, and plaster; as a fireproofing 
agent; and in many other ways. 

(2) Natural silicates. Various insoluble silicates occur 
abundantly in the earth’s crust. Asbestos is a complex mag- 
nesum silicate which is mined chiefly in the province of Que- 
bec, Ontario (Figs. 252 and 253). It is a good insulating ma- 
terial, and because of its fibrous crystalline structure it can be 
made into fabric. Asbestos is used in making automobile 
brake linings; clothing for firemen, and gloves for electricians; 
and all sorts of heat and electrical insiflating devices (Fig. 
254). Other magnesium silicate minerals include tdc or soap- 
stone, serpentine, and meerschaum. Soapstone is used to make 
sinks and tops for laboratory tables, and, when ground, is used 
as a paint filler. Finer grades of talc are'used in toilet pow- 
ders. Mixed with certain vegetable extracts to give color, it is 
used as rouge. Mica is another silicate mineral, and is com- 
posed chiefly of aluminum, alkali metals, water of hydration, 
and frequently iron, fluorine, and magnesium. Because it is 
also an insulator and can be split into thin sheets by cleavage, 




Courtesy Johns-Maayille Oompany 

Fig. 253. Asbestos fiber as shown above is obtained by crushing 

asbestos ore. 
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mica is used in electrical devices and for making 
windows for stoves and lanterns. 



Comttsy Johiib-MaiiTrille Company"^ ** 

Fig. 254. A fire-fighter’s suit 
made from asbestos cloth to pro- 
tect against open flame and heat. 


Ctoy IS perhaps the most 
important silicate mineral. 
There are all grades and 
varieties of clay, classified as 
high or low grade according 
to the amount oi kaolin they 
contain. Pure kaolin is a 
white substance having the 
formula AlaSigOT *2 H 2 O. It 
is believed to have been 
formed by the decomposition 
or weathering of rocks con- 
taining feldspar, usually 
represented by the formula 
KAlSiaOs. Additional im- 
purities give various clays 
their colors and also help to 
determine th ei r phy s ic al 
properties. Density, strength, 
plasticity, melting point, col- 
or, shrinkage, and smooth- 
ness are among the most im- 
portant properties which de- 
termine the uses of clay. 
High-grade clays are used in 
making chinaware, porcelain, 
and fine pottery, while low 
grades of clay are used in 
the manufacture of brick and 
tile. 

(3) Silicate industries. 
The various industries which 
use ininerals of silicon as raw materials, or whose products 
are siliceous in nature, are known collectively as the sUicate 
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industries. Examples are the manufacture of cement, the 
manufacture of glass, and the making of various kinds of clay 
products. The last-named 


industry may be further sub- 
divided according to the 
particular kind of objects 
made, but all of its branches 
constitute the ceramic indus- 
try. 

294. Clay products. Per- 
haps we shall never know 
just when man began to 
fashion objects from clay, 
but because of its properties 
and its abundance, it is logi- 
cal to suppose that some use 
would early be made of it. 

The first objects fashioned 
from clay were simple pieces, 
made of mixtures of clay 
and water dried in the sun. 

Later it was found that dry- 
ing with fire increased the 
hardness and durability of 
such objects. Modern meth- 
ods represent decided ad- 
vances over these primitive 
procedures, but they are 
founded upon the same gen- 
eral principles (Fig. 2SS). 

Products now manufac- 
tured from clay may be 

classed into three large groups: (1) those that are porous and 
unglazed, such as bricks, pottery, and terra cotta; (2) those 
that are porous and are superficially glazed, such as earthen- 
ware and certain kinds of pottery; and (3) those that are 


Fig. 255. This Wedgwood vase 
and pedestal of ^‘jasper ware” il- 
lustrate the possibilities o£ clay 
modeling. 



Courtesy 'portlarid Cement iJ'iscaciation 

Fig. 256. The limestone rock as obtained from the quarry 
is broken into smaller pieces as shown here. These pieces 
of rock are now entering a crusher to be broken into much 
smaller pieces. 

first patent on Portland cement in 1824. He had heated a 
mixture of chalk and clay, and when the resulting product was 
mixed with water and allowed to harden, it formed a stone-like 
mass resembling Portland rock, a famous building stone of 
England; hence the name Portland cement. Some kinds of 
limestone, known as cement rock, contain enough clay to make 
it possible to prepare cement by heating and pulverizing 
them. This is known as natural cement, or hydraulic cement. 
Practically all cement manufactured today is Portland ce- 
ment, made from limestone and shale or clay. 

Manufacture of Portland cement. The essential steps in the 
manufacture of Portland cement consist of (1) quarrying the 
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glazed throughout, such as porcelain, chinaware, and stone- 
ware.. 

295. The story of cement. Broadly defined, cement is a 
material which, upon being mixed with water to form a paste, 
acquires the property oi setting and will harden under water. 
Joseph Aspdin, a mason of Leeds, England, was granted the 
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Courtesy Fortlanci Cement Association 

Fig. 257.^ A modern rotary cement kiln in which the mix- 
ture of limestone rock and shale is heated at high tempera- 
ture. The resulting “clinker,” when finely ground, consti- 
tutes what is known as Portland cement. 
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raw materials (Fig. 256), (2) grinding them together in the 
proper proportions, (3) heating the mixture of raw materials 
until they begin to fuse and form a clinker, and (4) grinding 
the resulting clinker to a fine powder which constitutes the 
finished cement. The burning process really produces the 
cement. The raw materials are fed into the higher end of a 


huge rotary kiln (Fig. 257). The temperature within the kiln 
varies between 1400° and 1650° C. Under these conditions, 
chemical reactions take place which produce the clinker. After 
the clinker leaves the lower end of the kiln, it is cooled, 
ground, and put into sacks or barrels. There are over 150 
cement plants in about 30 states in this country producing 
about 150,000,000 barrels of cement annually. 

Cement and concrete. Knowing the chemical nature of lime- 
stone and clay, it will be easy to understand that the heating 
process expels water of hydration and carbon dioxide from the 
raw materials. They are thereby converted into a series of 
oxides, which constitute the cement. The exact composition 



vjourtesy Fortland (Jement Association 

Fig, 258. Use of cement in building a storm sewer. 
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of Portland cement cannot be expressed by any formula be- 
cause it is a mixture, and the ingredients in this mixture may 
vary over rather wide limits. The principal compounds in ce- 
ment are believed to be tricalcic silicate, (Ca0)3*Si02, dicalcic 
silicate, (Ca0)2*Si02, and tricalcic aluminate, (CaO)3 ‘AlaOs. 

When Portland cement is properly mixed with water, and 
usually with sand or gravel, a rock-like mass known as con- 


crete is produced. The cement mixture may set in a few hours, 
or even in a few minutes, but it continues to harden over a 
period of months or years. The chemistry of the setting of 
cement is not definitely known, but it is believed to consist 
principally of hydration reactions between the various oxides 
and water. Calcium hydroxide, calcium carbonate, calcium 
silicate, and calcium aluminate are nroduced, and these com- 
pounds have great strength, rigidity, and binding action on the 





Courtesy Coming Glass Works , 

Fig. 259. The first 200-inch telescope disk after removal from 

the annealer. 

back as 3500 b.c. Glass is one of the most indispensable ma- 
terials of modern life. Without glass there would be no lenses, 
mirrors, or prisms, and the nature of the solar system would 
still be a mystery. The lens of the camera has extended the 
range of man’s vision, and has enabled him to illustrate the 
recorded history of events and ideas. Special kinds of lenses 
have made possible the motion picture camera and projector, 
which have increased the happiness of millions. Human life 
has been protected and lengthened, and human sufferings have 
been alleviated through the use of glass containers in food pre- 
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grains of sand or gravel. Reinforced concrete contains steel 
rods or wire netting to increase its strength. 

Cement is used in the construction of roads, bridges, dams, 
buildings, monuments, and in countless other ways which are 
well known (Fig. 258). 

296. The story of glass. The art of making objects of 
glass is very ancient. The exact date of the discovery of the 
art is not definitely known, but glass was made in Egypt as far 
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servation, the use of glass in overcoming defects of vision, and 
the use of glass in making microscope lenses and other scien- 
tific instruments (Fig. 259). Glass now promises to become 
a further factor in the building industry, for glass bricks in- 
tended for construction purposes are being made and used 
(Fig. 260). This enumeration of the uses of glass is by no 
means complete, but it is sufficient to suggest why glass is im- 


A windowless structure with walls 
: not transparent, glass blocks. Th« 
).5 percent of the light falling upon 
Ihe insert shows a specimen erlaj 


portant and why the chemistry of glass-making might be in- 
teresting to know. to 6 uc 

_ Materials of ordinary glass. The raw materials used in mak- 
ing glass consist essentially of selected sand, lime, and sodium 
cajonate. Limestone may be substituted for the lime, and 
sodium sulfate IS sometimes added. When these materials are 
properly mixed m the right proportions, and are heated to a 
suitable temperature in a furnace, glass is formed. The re- 
actions that take place are represented by the following equa- 
tions, which also show that glass may be looked upon as a 
mixture of sodium and calcium silicates: 





Ladle of molten glass jiist 
withdrawn from .the fur- 
nace, , on the way' to,, the 
mold to be 'poured- 
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(1) CaCCOs) + SiO^-» Ca(Si 03 ) + CO 2 f 

(2) CaO -f SiOa CaCSiOg) 

(3) Na2(C03) + SiOa ^ NasCSiOs) -f CO 2 1 

(4) Na2(S04) -f SiOa^ NasCSiOs) -f SOst 



The resulting product is a sticky, molten mass which may 

be cast, drawn, or 
blown into the de- 
sired shape or form. 
Formerly all glass 
objects were made 
by workmen known 
as glass-blowers, but 
today modern ma- 
chinery is available 
for use in making 
window-glass, glass 
bottles, and other 
special kinds of glass 
products (Fig. 261). 

Varieties of glass. 
Different kinds of 
glass with particular 
properties for vari- 
ous purposes are 
made by slightly al- 
tering the composi- 
tion. Among the in- 
gredients used in 
making special 
grades of glass are 
compounds of lead, 
potassium, arsenic, 
phosphorus, and bo- 
^ three most common types of glass are Bohemian, 
which IS a potassium-calcium glass; crown, which is a sodium- 


Courtesy Libtoey-Owens-Ford Glass Company 

Fig, 262 . “Tempered” glass was placed on 
a cake of ice. Hot molten lead was then 
poured on this pane of glass. The lead, 
as pictured here, merely slipped oft the 
glass. In a similar test with ordinary 
glass, the pane cracks into countless pieces. 
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calcium glass ; and flint, which .is a potassium-lead glass. Or- 
dinary plate glass is crown glass. Flint glass is used for table- 
ware and for making optical instruments because of its bril- 
liancy and effect on light. Phosphate crown glass is also used 
for optical purposes. Heat-resisting ox pyrex glass contains a 
high percent of boron. Shatterproof glass and tempered glass 
are made by fastening two pieces of glass together with a spe- 
cial kind of plastic material. 

The color of glass is also determined by the addition of small 
percentages of certain ingredients. Colloidal gold, copper, or 
selenium produces red glass. The greenish and yellowish colors 
of ordinary glass are caused by ferrous and ferric iron, re- 
spectively. Most blue glass is made by the use of cobalt, while 
manganese produces purple or brown; chromium gives a green- 
ish-yeUow, and certain insoluble substances will produce white 
glass. Iridescent glass is made by heating the various articles 
in contact with the vapors of certain metallic substances. 
Among those used for this purpose are salts of tin, strontium, 
and silver. 


Problem Summary Exercises that Everyone Should Do 

1. Give the name and formula of the most abundant mineral in 
the crust of the earth. 

2. Describe pure quartz; name and describe several impure 
varieties. 

3. How may the element silicon be prepared? What are its 
properties and uses? 

4. Describe the manufacture, properties, and uses of carbo- 
rundum. 

5. Give the names and uses of four natural silicates. 

6. Write the equations to represent two ways of preparing so- 
dium silicate. 

7. What is the common name for a solution of sodium silicate? 
What are its uses? 
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8. - What is meant by the silicate industries? The ceramic in- 
dustries? 

9. Name some common products made from clay, and tell briefly 
how they are manufactured. 

10. Define cement, and describe briefly the important steps in 
the manufacture of Portland cement. 

11. Explain why glass is one of the most essential materials of 
modern life. 

12. Write the equations to represent the essential chemical reae- 
tions in the making of ordinary glass. 

13. What are the general methods of preparing varieties of glass 
with desired properties? With desired colors? Give examples of 
each. 


III. OPTIONAL MATERIAL FOR THE UNIT 

ADDITIONAL PROBLEM SUMMARY EXERCISES 

1. Name several common rocks used in building construction, 
and discuss the properties that make them useful for this purpose. 

2. Discuss the uses of some common minerals which depend 
upon their colorations; upon the property of hardness. 

3. Define and illustrate: dimorphous; isomorphous. 

4. Write equations to show how each of the following com- 
pounds is prepared, and name the important uses of each: (a) so- 
dium thiosulfate; (b) sodium sulfide; (c) borax; (d) boric acid; 
(e) potassium nitrate; (f) potassium chlorate; (g) sodium cyanide. 

5. Tell why potassium carbonate cannot be made by the Solvay 
process, and write equations to show how it might be prepared. 

6. Explain how each of the following kinds of fire extinguishers 
works: carbon tetrachloride; soda-acid; foamite. 

7. Write equations to show how each of the following com- 
pounds is prepared from limestone, and name the important uses of 
each: acetylene; calcium cyanamide. 

8. Write equations for the reactions that occur when hard water 
is softened by the use of a mixture of soda-ash and lime. 
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9» Describe the zeolite process for softening hard water. 

10. Explain what factors would influence the cho'Ice of location 

for a factory for manufacturing: (a) sodium carbonate;/ (b) lime; 
(g) plaster of Paris; (d) magnesia; (e) carborundum; (!) brick and 
tile; (g) fine pottery, chinaware, and porcelain; (h) cement; (i) 
glass. ' 

11. What are the names and formulas for the chief constituents 
of Portland cement? 

12. What is the probable chemical explanation for the setting of 
cement? 

13. Name some varieties of glass, state their characteristic prop- 
erties, and tell what special chemical substance is used in the manu- 
facture of each kind. 

14. What is the usual grouping or classification of clay products? 

15. What evidence does this unit present to indicate that salt, 
limestone, sand, and clay are necessary raw materials of chemical 
industry? 

EXERCISES IN CHEMICAL ARITHMETIC 

1. Calculate the percentage composition of the following min- 
erals: (a) galena; (b) pyrite; (c) fluorite; (d) quartz; (e) apatite. 

2. What weight of potassium chloride could be prepared from 
five hundred pounds of carnallite? 

3. Calculate how much sodium hydroxide could be prepared 
from 250 pounds of sodium carbonate by treating it with calcium 
hydroxide in solution. 

4. What volume of oxygen could be prepared by the action of 
water on 15 g. of sodium peroxide? 

5. How many tons of lime could be produced by the complete 
burning of SO tons of limestone which tests 96% calcium carbonate? 
What weight of carbon dioxide could also be obtained during this 
reaction? 

6. Calculate the weight of plaster of Paris that could be pre- 
pared from 500 g. of gypsum. 

7. What weights of caustic potash and chlorine would be needed 
to prepare 75 g. of pure potassium chlorate? 
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8. What weight of Epsom salt could be crystaUized from the 
solution formed by treating 25 g. of pure magnesium oxide with 
sulfuric add?, . 

9. What weight of pure silica would be required for the prepara- 
tion of 140 pounds of silicon? 

10. What weight of pure silica could be obtained by treating 100 
g. of a SSfo solution of water glass with hydrochloric add and then 
completely dehydrating the resulting metasilicic add? 

TOPICS FOR INVESTIGATION AND REPORTS 

1. Relationships Between Chemistry and Geology Involved in 
the Study of Mineralogy 

2. Relationships Between Mineralogy and Geometry Involved in 
the Study of Crystals 

3. History of the Manufacture of Sodium Carbonate 

4. The Composition and Values of Mineral Waters 

5. The Life and Achievements of Sir Humphry Davy 

6. History of the Manufacture of Pottery and Chinaware 

7. The Story of Glass 

8. The Story of Cement 

9. Mineral Resources of the United States 

10. Problems in International Relationships Caused by the Strug- 
gle for Possession of Minerals 

11. Development and Modern Applications of Electric Furnaces 

12. Manufactured Abrasives 

IV. UNIT RECITATION AND TEST 

TOPICS FOR ORAL OR WRITTEN RECITATION 

1. Three Classes of Rocks and Their Characteristics 

2. The Origin and Formation of Minerals 

3. Classification of Minerals According to Crystal Forms 

4. Classification of Minerals According to Chemical Composition 

5. Important Physical Properties of Minerals 
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■ 6. Commoii Minerals , a Their Uses 

7. Occurrence and Production of Halite 

8. Halite as the Source of Other Sodium Compounds 

9. The Solvay Process 

10. The Stassfurt Salt Beds 

11. The Chemistry of Baking Powders 

12. The Sodium Family 

, ' 13, Occurrence and Production of Natural Varieties of Calcium' 
Carbonate 

14. Chemistry of Caves and Cavern Formations 

15. Limestone as the Source of Calcium Compounds 

16. Chemistry of Mortars and Piasters 

17. Gypsum and Gypsum Products 

18. Causes and Chemical Treatment of Hard Water 

19. The Two Families of Elements in Group II of the Periodic 
Table 

20. Natural Varieties of Silica 

21. Natural Silicates and Their Uses 

22. Clay and Its Applications 

23. The Chemistry of Cement 

24. The Chemistry of Glass 

25. Natural and Manufactured Abrasives and Their Uses 

26. Products of the Electric Furnace 








Ewing Galloway 

Hot-dipping is the oldest method of galvanizing 
shows how small articles are placed in a per: 

dipped into a vat of molten zin 


UNIT TEN 

METALLURGY AND CHEMISTRY 


I. THE UNIT ASSIGNMENT 

Defining the unit. Metals are so commonplace in our 
everyday lives that everyone realizes they are indispensable to 
civilization. Gold, silver, iron, aluminum, copper, and other 
nietals have always been present in the earth as minerals, but 
within only comparatively recent times have all of them been 
available for use by man. This is due to the increase in chemi- 
cal knowledge about processes of winning the metals from 
their ores; that is, extracting them from minerals which contain 
metals in sufficient quantities to make mining profitable. The 
art and science of extracting metals from their ores and adapt- 
ing them for use is known as metallurgy. In the last few de- 
cades, more progress has been made in metallurgy than in the 
hundreds of years before. 

Metals as extracted from their ores are not always suitable 
for immediate use. In some instances they must be further 
purified; on the other hand, it is often desirable to make them 
more impure by adding definite proportions of other metals or 
non-metals. Metals treated in this fashion form alloys. One 
such alloy, called bronze, was so useful that it gave rise to the 
period of history known as the Bronze Age. Today, scores 
of new alloys are used in the manufacture of automobiles, 
trains, airplanes, and ships; in communication by radio; in 
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building construction, electric appliances, and household arti- 
cles; and in many other ways which make for human safety, 
comfort, and enjoyment. For this reason, our modern era is 
often called the Age of Alloys. 

After metals have been extracted, purified, and adapted to 
use, man must constantly wage a battle to retain possession of 
them. All the agencies of nature tend to cause the metals to 
revert to their original form as oxides, sulfides, hydroxides, and 
carbonates. Man must devise ways and means of preventing 
such changes. The processes which result in the destruction 
of metals are commonly called rusting, corrosion, and the “eat- 
ing” of metals. To prevent their loss by such processes, metals 
are usually electroplated, galvanized, painted, or otherwise 
treated to keep the agencies of corrosion from coming into con- 
tact with them. 

This would be a drab world were it not for compounds of 
the metals. Many of the colors observed in plants, animals, 
and minerals are due to certain natural compounds of the 
metals; the blood, for example, is red because of the presence 
of a compound of iron. The dyes used by primitive man were 
obtained chiefly from plants, animals, and minerals, and many 
of them were metallic compounds. Today, compounds of the 
metals find a multitude of useful applications. Such processes 
as photography and blueprinting, and such products as dyes, 
paints, and inks are just a few examples. Another important 
phase of chemistry concerning metallic compounds is that 
which deals with methods of detecting them in foods, drugs, 
cosmetics, and other materials. The various schemes and 
processes employed are collectively known as chemical anal- 
ysis. 

This unit deals with a wide range of useful and interesting 
information pertaining to the metals, their alloys and com- 
poimds, and methods of preventing metals from rusting and 
corroding. To facilitate the study of the unit, however, let us 
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focus our attention on such fundamental ideas and generaliza- 
tions as are suggested by the titles of the unit problems to be 
solved. 

UNIT PROBLEMS TO BE SOLVED 

PROBLEM 1: HOW ARE THE COMMON METALS EX- 
TRACTED AND REFINED? 

PROBLEM 2: WHAT IS THE NATURE AND VALUE OF 
ALLOYS? 

PROBLEM 3: HOW ARE METALS PROTECTED AGAINST 
CORROSION? 

PROBLEM 4: IN WHAT WAYS ARE COMPOUNDS OF THE 
METALS USED? 
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IL ASSIMILATIVE MATERIAL FOR THE UNIT 

PROBLEM 1: HOW ARE THE COMMON METALS 
EXTRACTED AND REFINED? 

Problem Assignment. The metallurgy of some of our 
metals is very ancient. Metals that were used by primi- 
tive man were those which occur free in nature, or those 
which yielded to his crude methods of separating them 
from their natural compounds. Although some of the prin- 
ciples that were used then are in common application to- 
day, metallurgy has developed into a highly specialized 
science and industry. Processes used for the extraction of 
metals vary. In spite of individual variations, however, 
there are a few general procedures which are applicable to 
most ores. This problem presents some of these general 
procedures; it then explains in greater detail the metallurgy 
of the common metals. The characteristic properties and 
consequent uses of the metals are also considered. 

Metals in General 

297. Properties of metals. Common experience based 
upon our present knowledge of chemistry makes the classifica- 
tion of elements into metals and non-metals immediately in- 
telligible to almost everyone. The uses of individual metals 
are also determined by the extent to which each possesses cer- 
tain desirable qualities. The classification of metals is based 
upon their chemical and physical properties. 

(1) Chemical properties of metals. The real difference be- 
tween a metal and a non-metal is associated with atomic struc- 
ture (Sec. 74). Because of the structure of their atoms, metals 
have characteristic chemical habits. Many metals and metal- 
lic oxides react with water to form bases. For this reason, 
metals are often called the base-forming elements. The action 
of sodium with water and of calcium oxide with water are ex- 
amples. The reactions of certain metals and acids for the 
preparation of hydrogen, sulfur dioxide, and nitric oxide illus- 
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trate how metals above and below hydrogen in the Activity 
Series are affected by various acids. The union of metals and 
non-metals to form such compounds as oxides, sulfides, and 
chlorides is by this time well known to you. 

Metals are presumed to lose electrons when they enter into 
chemical combination, and therefore they are positive in val- 
ence; thus, when metallic compounds are dissolved in water, 
the metal forms positive ions, while the remaining part of the 
compound forms negative ions. On this basis, a metal may be 
defined as an element which forms positive ions when its sol- 
uble compounds are dissolved in water. 

(2) Physical properties of metals. It is chiefly the physical 
properties of metals which enable us to recognize them so read- 
ily. With the exception of mercury, all metals are solids at 
ordinary temperatures, and their melting points range from 
that of mercury, —38.9° C., to that of tungsten, 3370° C. 
Most of the common metals are many times as heavy as water, 
although lithium, sodium, and potassium are light enough to 
float on water. Another metal, osmium, is the densest variety 
of elemental matter known, its density being 22.5 grams per 
cc. Most metals have a silver-gray color, and have, or are 
capable of having, a high luster or shine; they are also gener- 
ally good conductors of heat and electricity; and they are 
usually malleable and ductile— that is, they can be hammered 
into sheets and can be drawn into wire. Gold can be beaten 
into sheets one three-hundred-thousandth of an inch thick, 
and platinum can be drawn into wires 0.00003 of an inch in 
diameter. Other important physical properties of metals in- 
clude hardness, tensile strength, and brittleness. All metals 
possess these properties in varying degrees. 

298. Occurrence of metals. Metals occur as free elements 
or as compounds. Gold and platinum occur in the free state, 
and also as gold telluride and platinum arsenide; copper, silver, 
and mercury also occur either free or combined. Such metals 
as aluminum, iron, zinc, tin, lead, and magnesium occur only 
in the form of compounds. Reference to page 209 will show 
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that all metals which occur native in nature stand low in the 
Activity Series. Most of the combined metals are found as 
oxides, sulfides, sulfates, chlorides, carbonates, and silicates. 
Such compounds occurring in the earth’s crust are known as 
minerals, and minerals from which metals may be profitably ex- 
tracted are known as ores. 

Principles OF METALLtrsGY 

299. Mechanical ore treatment. Since most metallic ores 
consist of a mixture of mineral and valueless earthy material, 
known as gangue, methods of separating the two have been de- 
vised. In the older methods, the ore is crushed and treated 
with running water. The heavier mineral portion of the ore 
quickly settles to the bottom, while the lighter particles of 
gangue are washed away by the water. This method is known 
a& gravity separation. 

Today, more ores are treated by flotation than by any other 
single process. In flotation, the heavy mineral particles are 
caused to float, while the lighter gangue settles. This is accom- 
plished by crushing the ore into fine particles, agitating it in 
water to which certain chemicals and oils have been added, and 
then bubbling in air or other gas. A colloidal froth is formed, 
and the tiny bubbles of gas selectively attach themselves to the 
mineral particles, but not to the gangue particles. The bub- 
bles bearing the mineral rise to the surface where they are re- 
moved, while the valueless gangue is removed at the bottom 
(Fig. 263). This process seemingly reverses the laws of grav- 
ity, for the minerals floated off are usually two or three times 
as dense as the gangue. 

300. Chemical ore treatment. After the ore has been con- 
centrated, the actual separation of the metal is brought about 
by chemical means. This requires some form of energy, and, 
fundamentally, means the return of electrons which the metal 
loaned when the mineral was formed. The general methods by 
which this is accomplished are as follows: - 



Courtesy Denver Equipment Company 

Fig. 263. Sectional view of a flotation machine. 

The bubbles, which have selectively attached them- 
selves to the mineral, rise to the surface while the 
gangue is removed at the bottom. 

(2) Roasting followed by reduction. If the ore is a car'd om- 
ate, it is changed to an oxide by heating it in open furnaces 
with free access to air: 

4 FefCOa) -f- O 2 — ^ 2 Fe203 -f- 4 CO 2 ^ 

This process is called roasting, and the resulting oxide is then 
reduced with carbon as shown in (1). 

In a similar manner, sulfide ores may be roasted to convert 
them into oxides: 

2 ZnS 3 O2 — > 2 ZnO 2 SO2 'f' 

ZnO "4" C Zn -f- CO 'f 
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(1) Reduction. Oxide ores are usually reduced by heating 
them with carbon or with a metal: 

Fe203 -f- 3 C 2 Fe -f- 3 GO 
CroOg -f 2 A1 2 Cr + AI2O3 
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(3) Solution followed by displacement. Low-grade ores, as 
well as ores which are difficult to reduce, may be treated with 
chemicals in order to put them into solution. After this, the 
metal may be obtained by displacing it with a metal higher 
in the Activity Series. Gold, silver, and some copper are 
obtained in this fashion: 

Zn -f 2 NaAu(CN) 2 Na2Zn(CN)4 + 2 Au 

(4) Electrolysis. Electricity is used in liberating such ac- 
tive metals as potassium, sodium, and calcium. Three common 
metals extracted in similar fashion are aluminum, nickel, and 
magnesium. In some cases a fused salt is electrolyzed, while 
in others a solution of the ore is used. 

301. Smelting. The actual separation of the metal in a 
molten condition is called smelting. Specially designed fur- 
naces are used for smelting the various metals. In many in- 
stances, roasting and reduction are accomplished at the same 
time, and in the same furnace, as smelting. Burihg the process, 
the gangue is separated from the metal by the addition of a 
flux. A flux is a material which will combine with the gangue 
to form a fusible, glass-like product called slag. If the gangue 
is an acid anhydride, such as silica, limestone is added; but if 
the gangue consists mainly of a basic anhydride, like calcium 
carbonate, silica is added as a flux. In either case, the slag 
consists essentially of calcium silicate. The equations repre- 
senting the formation of slag are as follows: 

(1) Ca(C03)->Ca0-f COat 

(2) CaO -f SiOs Ca(SiOs) 

The molten metal is denser than the slag and settles to the bot- 
tom of the furnace, while the slag floats on the surface of the 
metal and prevents its oxidation. The difference in the densi- 
ties of the two materials also makes it possible to draw them 
off at different levels. 

302. Refining metals. After metals have been extracted 
from their ores, it is often necessary to subject them to refining 
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Fig. 264. Lake freighters like the one shown above 
transport iron ore to ports along the lower Great 
Lakes. Note the comparative sizes of the freighter 
and the ore cars above it. 

to regulate the impurities present, and to keep them within 
desirable limits. 

Iron and its Varieties: 

The Sinews of our Machine Age 
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processes in order to free them of impurities that still remain. 
This may be accomplished by such processes as: (1) further 
heat treatment in furnaces; (2) electrolytic processes; (3) 
chemical treatment; and (4) distillation. For ordinary uses, 
however, metals need not be chemically pure. In fact, often- 
times the usefulness of a metal depends upon the presence of 
some foreign matter. Refining is therefore really an attempt 


303. Importance of iron. Some idea of the importance of 
iron may be gained from the fact that its annual production 
in the United States is measured in millions of tons, and that 
the annual output of iron exceeds the combined total of all 
other metals, both in tonnage production and in value. We 
need think only of the many uses of iron to realize our utter 
dependence upon this metal. The framework of great build- 
ings; the structure of bridges; the rails for railroad transporta- 
tion; and the materials of automobiles, airplanes, locomotives, 
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Fig. 265. External view of blast furnace and accessory ovens or 
“stoves.” The stoves provide the hot blast for the blast furnace. 
Only one stove at a time is used to provide hot blast. While one 
stove is supplying the blast to the furnace, the air in the others 

is being heated. 

limonite, (FcsOala’S H 2 O; (3) magnetite, Fe 304 ; and (4) 
siderite, FeCOs. Of these, the most importent and most widely 
distributed ore is hematite. The chief ore deposits of the 
United States are those of the Lake Superior region, which 
includes Michigan, Wisconsin, and Minnesota. The Mesaba 
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and ships, as well as the tools and machinery which are neces- 
sary for their manufacture, are just a few instances of the 
many applications of iron. 

304. Iron ores. Most of the world’s supply of iron is ob- 
tained from the following ores: (1) hematite, FegOs; (2) 
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(Mesabi) range in Minnesota yields a high grade ore contain- 
ing about 55 percent iron, and this is the source of about four- 


fifths of this country’s entire 
I output. This particular de- 

posit has the advantage of 
lying near the surface of the 
earth, so it can be mined 

I i cheaply with steam shovels 

by open-pit reamQ.g. Huge 
lake freighters transport the 
ore to ports along the lower 
Great Lakes where blast fur- 
naces are located— notably 
Chicago, Gary, Cleveland, 
Buffalo, and Erie, Pennsyl- 
vania. 

, 305. The blast furnace, 

ij Iron ore is converted into 

I; iron by reduction in a blast 

I' jmnace. The blast furnace 

is a huge steel tower about 
100 feet high and from 22 to 
25 feet in diameter at its 
: widest part (Fig. 265). It 

’ is lined with firebrick. Near 

the bottom of the furnace, 
pipes called tuyeres admit 
the forced blast of air, from 
which the furnace gets its 
name. 



By mechanical means, the Fig. 266. Cross section of a blast 
charge of the furnace is ad- umace. 

mitted through a hopper at the top. It consists of ore, lime- 
stone, and coke, which are introduced in successive layers. As 
the charge descends slowly downward, it is subjected to the 
high temperature produced by the burning gases within, which 
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are intensified by the blasts of hot air. The ore is reduced 
by the carbon and carbon monoxide, and the molten iron 
trickles down into a collector below the tuyeres (Fig. 266). 
The limestone acts as a flux and combines with the earthy mat- 
ter and other impurities to form slag. The molten iron and 
slag are drawn off about every four hours. A blast furnace 
usually operates continuously until it is worn out and is not 
used any more. One furnace may produce as much as seven 
hundred tons of iron daily. 

306. Reactions of the blast furnace. Near the bottom of 
the furnace, the combustion of coke takes place very vigor- 
ously. Since there is an excess of air, the product is carbon 
dioxide: 

(1) C-fOa-^COat 

As the carbon dioxide travels upward, it comes into contact 
with additional white-hot coke. The reduction of carbon 
dioxide to carbon monoxide follows: 

(2) e02-}-C-^2C0t 

The carbon monoxide in turn acts upon the iron oxide, reducing 
it to metallic iron and producing more carbon dioxide: 

(3) FeaOs + 3 GO 2 Fe + 3 COa f 

The reduction of ore is also accomplished in part by the re- 
action between the iron oxide and carbon: 

(4) FeaOs -+ 3 0 -^2 Fe -f 3 CO f 

Other products of the blast furnace are slag, carbon monox- 
ide, waste gases, and flue dusts. The gases are conducted to 
the pre-heaters where the carbon monoxide is burned in order 
to pre-heat the incoming air. Large quantities of the blast 
furnace gases are also used for various industrial power and 
heat sources. 

307. Pig iron. The metallic product of the blast furnace 
is known to the trade as pig iron; since it can easily be cast in 
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sand molds, however, it is often called cast iron. As the molten 
metal comes from the blast furnace, it is carried in huge ladles 
to other parts of the foundry where it may be immediately con- 
verted into other varieties of iron or steel, or it may be poured 
into molds in which it solidifies in bars about two feet long and 
a few inches in circumference. These bars, called pigs, are 
convenient forms in which to handle, store, or ship the iron. 

Composition of pig iron. The composition of pig iron varies 
according to the furnace conditions and the composition of 
the raw materials used in its production. It may contain from 
2.5 to 4 or more percent of carbon, which it absorbs in the 
blast furnace; in addition, smaller percentages of other foreign 
elements may be present. The following analysis has been 
given as typical of pig iron: 


Carbon 3.50% 

Manganese 2.00% 

Sulfur 0.04% 

Phosphorus 0.30% 

Silicon 1.25% 


The amount of each of these impurities must be regulated 
carefully if the pig iron is to be used in the preparation of 
wrought iron or steel. If it is to be used as cast iron, how- 
ever, such impurities give the advantage of a decidedly lower 
melting point. Pure iron has a melting point of 1535° C., 
while pig iron melts at about 1100° C. 

Properties and mes of pig iron. Ordinary pig iron cannot 
be rolled, forged, or welded, but it can easily be cast. Cast 
iron objects are brittle and hard; they have little tensile 
strength and are unable to withstand sudden shocks or strains. 
If cast iron is cooled quickly, white iron results, in which the 
carbon is chiefly combined as iron carbide, FegC, known as 
cementite. Gray cast iron is formed by slow cooling, which 
allows the carbon present to separate as graphite. The gray 
variety is somewhat softer than the white. Thus the properties 
of iron depend upon both the amount of carbon present and 
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the form in which it is distributed. This statement also applies 
to other impurities. 

When melted pig iron is poured into a mold, it expands upon 
solidifying and assumes the shape of the mold. For this rea- 
son, it is used in the manufacture of castings, such as steam 
radiators, stove parts, and water and gas mains. The uses of 
pig iron just described, however, consume only a small per- 
centage of all that is manufactured. More than three-fourths 
of the pig iron produced is used in making various grades of 
steel; small amounts are used in making wrought iron. 

Wrought iron is one of the purest grades of commercial iron. 
It contains about 0.1 percent of carbon, and very small per- 
centages of silicon, manganese, sulfur, and phosphorus; but it 
contains several percent of slag. Wrought iron is made in a 
reverberatory furnace, in which the heat is deflected downward 
from the roof of the furnace, thus preventing the carbon of 
the fuel from coming into contact with the metal. The furnace 
is lined with ferric oxide, and the charge is placed upon it. 
The impurities are oxidized by the ferric oxide, and form a 
slag. During the heating, the melted iron is stirred, and it 
assumes a pasty consistency as it becomes pure. This process 
is known as puddling. The resulting iron is worked so as to 
remove most of the slag and to distribute the rest of it evenly 
throughout. This gives wrought iron a fibrous structure, which 
helps to make it tough. 

Wrought iron is malleable, ductile, and flexible, and it can 
be forged and welded. It is easily magnetized and demag- 
netized. Wrought iron cannot be tempered, but it resists cor- 
rosion better than most steels. Its properties adapt it to the 
manufacture of nails, pipe, wire, chains, and electromagnetic 
cores. Its uses for these and other purposes, however, are 
rapidly being displaced by. those of soft steel, which has almost 
identical properties and can be made more cheaply. 

308. The manufacture of steel. Steel is iron which has a 
carbon content varying from Q.2 percent to 2 percent. The 
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properties depend not only upon the percent of carbon and 
other elements which it contains, but also upon the method 
by which it is made and the subsequent heat treatment to 
which it is subjected. The hardness of steel increases with 
an increase in the percent of carbon. Low-carbon steel is 
relatively soft, ductile, malleable, and can be welded much 
more easily than steel 
with a high carbon 
content. 

Most steel is made 
from pig iron, which 
usually contains 
around 4 percent or 
more of carbon and 
smaller percentages 
of manganese, sili- 
con, sulfur, and phos- 
phorus. Conse- 
quently, the process 
of making steel con- 
sists essentially qf re- 
moving such harmful 
impurities as sulfur 

and phosphorus, and controlling within definite limits the 
amounts of such desirable impurities as carbon, manganese, 
and silicon. Most steel made in the United States is produced 
by the actd Bessemer process, or by the basic open hearth 
process. In addition, smaller amounts are also made by the 
cfMaJfe process and by the electric jwnace method. 

309. The Bessemer process. This process employs a 
large egg-shaped furnace called a Bessemer converter (Fig. 
267), named for its inventor, Sir Henry Bessemer of England, 
It is capable of holding from 15 to 25 tons of molten pig iron, 
which is usually brought directly from the blast furnace. The 
converter is lined with fire brick rich in silica, and it is mounted 





Courtesy American Steel and Wire Co. 

Fig. 268. Three views of a Bessemer converter. The one on the 
right shows the inside of a converter and how the air is blown 
through the bottom. The middle view shows the converter in 
action. The view on the left shows the converter discharging the 

finished steel. 

is forced into the molten charge. The air oxidizes most of the 
impurities, the carbon being oxidized first to carbon monoxide 
and then burning to carbon dioxide, the other impurities enter- 
ing into the slag. The process is complete in about 12 minutes, 
and the shower of sparks and long flames of burning carbon 
monoxide are among the most spectacular sights in the steel 
industry (Fig. 268). The color of the flame issuing from the 
mouth of the converter indicates when the impurities have been 
removed, after which a calculated amount of jerro-manganese 
is added. The addition of this material brings the carbon con- 
tent of the steel up to the desired point, while the manganese 
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on trunnions, ov axle,?,, so it can easily be tilted for charging 
and pouring. The bottom of the furnace is perforated with 
numerous small openings, and through these a blast of hot air 
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helps to overcome the bad effects of sulfur and also unites 
with any oxygen remaining in the steel, thus preventing “blow- 
holes.” The converter is then tilted, and the steel is run into 
molds in which it solidifies into ingots. These are then con- 
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Fig. 269. The open hearth furnace. Hot gas and air are forced 
above and around the molten metal and pass out through the 
‘‘checkers” at the left and thence out to the chimney. The “check- 
ers” represent the walls of the regenerative chambers that catch 
and preserve the heat. 

verted into finished steel products by various mechanical proc- 
esses. 

The Bessemer converter is lined with silica when the pig iron 
is relatively low in sulfur and phosphorus. When the content 
of these two impurities is high, a basic anhydride, such as lime- 
stone or dolomite, may be used as a furnace lining. Phos- 
phorus causes steel to be brittle when cold, while sulfur causes 
it to be brittle when hot. In the United States, the Bessemer 
process is used for iron which is low in sulfur and phosphorus, 
while the open hearth process is used for iron which is high in 
these two elements. Either t37pe of furnace, however, could 
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be adapted to a particular kind of iron by varying the chemical 
nature of its lining, or of its flux. 

310. The open hearth process. The open hearth furnace 
is a reverberatory type in that the heat of the burning gases is 
reflected downward onto the charge from the roof of the 

furnace (Fig. 269). The 
hearth of the furnace is 
really a basin about 35 feet 
long, IS feet wide, and 2 feet 
deep, in which the purifica- 
tion of the molten charge 
takes place. An important 
feature of the open hearth 
furnace is the utilization of 
the heat from the escaping 
gases to heat the gas and air 
which enter the furnace. 
This is known as the regen- 
erative process. 

For about twenty minutes, 
air and gas enter from one 
side of the furnace and are 
burned. The hot products 
of combustion are caused to 
escape over a checker-work 
of fire bnck, which heats them to a high temperature. Then 
the direction of the incoming and escaping gases is reversed. 
By this procedure, the incoming mixture of gas and air is pre- 
heated by its contact with the hot checker-work, while the 
escaping gases begin heating the checker-work on the opposite 
sMe of the furnace. Pre-heating helps to produce the very 
high temperature which the open hearth furnace requires and 
also results in a large saving in fuel. 

The charge of the open hearth furnace consists of pig iron 
scrap steel, flux, and hematite. The impurities in the pig iron 
are oxidized by the oxygen of the hematite and the excess of 


Courtesy Bethlehem Steel Company 

Fig. 270. Tapping steel from an 
open hearth furnace. 
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Courtesy Bethlehem Steel Company 

Fig. 271. The molten steel is carried by 
huge traveling ladles to the positions de- 
sired above ingot molds, and there it is 
teemed out the bottom of the ladle into 
the different molds. The steel solidifies in 
the molds and in_ this form is known as 
ingots. 


air which passes over the charge. The resulting oxides escape 
as gases, or combine with the flux and basic lining to form slag. 
The usual open 
hearth furnace has a 
capacity of about 
125 tons. The ac- 
tion requires about 
12 hours for comple- 
tion, but this is con- 
sidered to be an ad- 
vantage, for it per- 
mits a careful check 
on the quality of the 
steel being produced. 

Samples are removed 
from the furnace 
from time to time, 
and are analyzed. 

When the composi- 
tion and temperature 
of the molten steel 
are right, the furnace 
is tapped, and the 
steel is cast into in- 
gots. 

Open hearth steel 
is more expensive to 
make than Bessemer 
steel, but because its 
composition can be 
controlled to give a 
higher grade product, 
most plants in this 
country produce open hearth steel. Bridges, heavy guns, high 
grade machinery, railroad rails, structural steel, and sheet steel 
are among the many products fabricated from this kind of steel. 



Courtesy Bethlehem Steel Company 

Fig. 272, Ingots are heated in 
soaking pits to the temperature 
desired for rolling. The ingot 
shown has reached the desired 
temperature and is being re- 
moved preparatory to the next 
step or rolling operation. 


Courtesy Bethlehem Steel Company 

Fig. 273. A 35-inch “blooming” 
mill. This is the first rolling 
operation performed in getting 
the steel ingot into the shape 
and size required. 
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311. Electric furnace steel. Formerly, high-grade steel 
for use in making fine-edged tools, cutlery, pen points, razors, 
and watch springs was made by the crucible process. Graphite 
crucibles large enough to hold about 100 pounds of charge were 
used. The charge consisted of wrought iron, scrap steel, char- 
coal, and other ingredients necessary to give a particular kind 


of steel. When heated to a temperature of about 1500° C. for 
about five hours, the impurities were removed and enough 
carbon was absorbed from the walls of the crucible to give the 
steel the desired qualities. 

Crucible steel has today been replaced almost entirely by 
electric furnace steel (Fig. 274). The outstanding character- 
istic of the electric furnace is that it uses electricity as the 
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source of heat. Its charge varies from 3 to IS tons, and con- 
sists usually of exactly the same materials as are used in the 
open hearth furnace; namely, pig iron, scrap steel, hematite, 
and a flux of limestone. The furnace is lined with dolomite, 
and its operation is comparable to that of the open hearth 
furnace, with the ex- 
ception of the differ- 
ent source of heat. 

A heavy electric cur- 
rent is introduced by 
means of three elec- 
trodes which pene- 
trate only the slag. 

The heat produced 
by the resistance to 
the current is suffi- 
cient to melt the 
charge. The electric 
furnace has two chief 
advantages: (1) the 
reactions take place 
in a non-oxidizing 
atmosphere, and (2) 
the temperature can 
be carefully con- 
trolled. In addition 
to the uses given for 
crucible steel, elec- 
tric furnace steel is being increasingly used for all purposes 
where a very high grade of steel is required. 

312. Heat treatment of steel. One method of producing 
different kinds of steel for particular uses is to subject the ob- 
jects of steel to certain kinds of heat treatment. Steel as made 
by the Bessemer and the open hearth processes is too hard for 
many purposes. It is therefore heated to a bright red heat 




Fig. 274. Model of an arc furnace of the 
type used extensively for the manufacture 
of steel and many varieties of steel alloys. 
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Fig. 275. Charging an electric furnace. 
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and allowed to cool slowly for a period of 18 to 24 hours or 
longer. This process is called annealing, and it results in a 
softer steel. 

Tempering. Reheating a hard steel to a definite tempera- 
ture and suddenly plunging it into cold water or oil is another 


method of producing steel of desired hardness. This is called 
tempering. The degree of hardness depends chiefly upon the 
temperature to which the steel is heated. Formerly it was the 
practice to judge the temperature of the steel by observing its 
color during heating; today, accurate temperature-recording 
apparatus and careful temperature control have superseded 
older methods of tempering steel. 

Case-hardening. It is frequently necessary to have a soft 
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steel with a hard exterior which will provide a good w'earing 
surface. To obtain this condition, the objects of soft steel are 
placed in a container and are packed with charcoal, sodium 
cyanide, and leather scrap or other carbonaceous material. 
Heating to a white heat for a few hours results in the absorp- 
tion of carbon at the surface and gives it the quality of hard- 
ness, while the interior remains relatively soft and tough. 
This procedure is known as case-hardening. 

313. Modern methods of testing steel. The properties of 
steeTare modified by the presence of even small amounts of 
impurities. Its composition may be determined by chemical 
analysis, and its physical properties can be tested by specially 
designed apparatus which gives accurate information concern- 
ing its toughness, hardness, tensile strength, ductility, and flex- 
ibility. These methods, important as they are, are insufiicient. 

The use of a specially designed microscope and X rays re- 
veals not only the crystalline structure of steel, which also 
affects its properties, but also shows the presence of such de- 
fects as “blowholes,” cracks, poor welds, and other imperfec- 
tions that may be present. These methods of testing provide 
an additional factor of safety in those cases where safety is an 
important consideration. 

Copper: 

The World’s Most Widely Used Electrical Conductor 

314. Importance and occurrence of copper. We have 
described iron as the most important and most useful metal 
in the world. Copper is undoubtedly second in these respects, 
as evidenced by the annual production of more than one and 
one half million tons. Copper was one of the first metals 
known to man, because it occurs free in nature. In the United 
States, native copper is found chiefly in northern Michigan. 
Copper ores are found in abundance in Utah, Montana, Mich- 
igan, and Arizona. The most important ores are: (1) chal- 
copyrite, CuFeS 2 ; (2) cuprite, CU 2 O; (3) chalcocite, CuaS; 
(4) bornite, CusFeSs; and (5) malachite, CuC 03 *Cu( 0 H) 2 . 
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315. Metallurgy of copper. Free copper is separated 
from its gangue by melting and draining away the metal. The 
treatment of copper ore depends upon its composition. Oxides 
may be reduced with carbon, and carbonates may be roasted 
to convert them to oxides, after which they may also be re- 
duced. The principal ores, however, contain sulfur, or iron, 

or both, and the separation of the 
copper is complicated by the pres- 
ence of these elements. The fol- 
lowing description illustrates a typi- 
cal procedure. 

(1) Formation of matte. After 
preliminary crushing and concen- 
tration of the ore by flotation, the 
ore is roasted. This procedure is 
followed by smelting in much the 
same manner that iron ore is 
smelted in a blast furnace. The 
furnace is lined with silica, and lime 
is used as a flux. Most of the iron 
unites with the silica to form iron 
silicate, which becomes part of the 
slag. Smelting results in the for- 
mation of matte, which is a mixture of sulfides of iron and 
copper, and contains traces of gold, silver, lead, arsenic, and 
other elements. 

(2) Formation of blister copper. The molten matte is sep- 
arated from the slag and is then poured into a converter sim- 
ilar to the converter used in making steel. Air is blown 
through the molten mass, and the sulfur and arsenic are 
oxidized, while the iron imites with the silica of the lining of 
the converter. The copper sulfide is ultimately reduced to 
copper metal, which is removed to cool and solidify. As it 
does so, some sulfur dioxide which had been absorbed escapes 
and causes the formation of bubbles in the copper. This is 
why the product resulting from the treatment of matte in a 
converter is called blister copper. 



Fig. 276. A copper con- 
verter. 
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(3) Formation of anode plates. The blister copper is next 

put into a reverberatory furnace. The oxygen from the air 
which is blown through the molten copper completes the re- 
moval of any sulfur or iron which may have remained, the 
former passing off as a gas and the latter forming slag. The 
molten copper is then subjected to “poling,” or stirring, with 
green or unseasoned wood. The carbon and hydrogen of the 
wood bring about the reduction of any copper oxide that may 
have been formed in the process of air blasting. The product 
of this furnace is then cast into large anode each weigh- 

ing around 600 pounds. These plates still contain traces of 
impurities, such as gold and silver, and they are subjected to 
a final refining process. 

(4) Refining of copper. The anode plates are immersed in 
a bath containing copper sulfate, dilute sulfuric acid, and a 
small amount of hydrochloric acid. When a direct current of 
electricity is passed into the electrolyte, the copper of the anode 
goes into solution . and is ultimately deposited upon the 
cathodes, which consist of thin sheets of pure copper. The 
small amount of hydrochloric acid causes the silver ions to be 
precipitated as silver chloride. Other impurities which are 
present in the anode settle to the bottom and are collectively 
known as anode mud. Sufficient quantities of gold and silver 
can be recovered from this mud to make it highly worth while 
to do so; in fact, the value of the gold and silver recovered pays 
almost the entire cost of electrolytic refining. 

316. Properties and uses of copper. The properties of 
copper which account for most of its uses are its high electrical 
conductivity and its resistance to chemical action. When ex- 
posed to air and moisture, a greenish coating called patina is 
tomed, which is similar to malachite in composition. This 
protects the copper beneath from further action and accounts 
for the durability of copper objects used for outdoor purposes. 

Copper is used in the preparation of many alloys and in 
making coinage metal, because it imparts the properties of 
hardness and resistance to wear. The anodes used in copper 
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plating and the electrotypes for printing are also composed of 
copper. It is commonly used in making boilers, hot-water 
tubing, cornices, kettles, guttering, and sheathing for ships. 
The greatest use of copper, however, is in the electrical in- 
dustry. All electrical appliances require copper as an essential 
part of their construction. The enormous increase in the use 
of copper is a direct result of the great development in elec- 
trical generating equipment and methods of transmitting elec- 
tricity over long distances, as well as to our widely developed 
network of electrical communication. For these reasons, cop- 
per wire has been described as the nerves of our machine age. 

Aluminum AND Magnesium; 

Two Metals that Combine Strength with Light Weight 

317. The story of aluminum. The story of aluminum is 
inseparably associated with the name of Charles Martin Hall 
(Fig. 277). He is credited with discovering the modern 
method of extracting this well-known' metal. Aluminum was 
first isolated in 1825 by the Danish chemist, Oersted. About 
two years later, the German chemist Wohler heard of Oersted’s 
discovery, and he, too, became interested in aluminum. 
Wohler succeeded in preparing aluminum by causing potassium 
to displace it from its chloride: 

AlCls -f 3 K -> 3 KCl -f A1 

This was not a practical method for its preparation, nor could 
a suitable method be found for reducing aluminum oxide, a 
common aluminum compound. 

Professor Frank Fanning Jewett, who was head of the 
chemistry department of Oberlin College, helped to provide 
the inspiration which started one of his own students on the 
quest toward a solution of the problem. The young college 
student was Charles Martin Hall. He solved the problem by 
discovering that aluminum oxide would dissolve in melted 
cryolite, and that an electric current passed through the solu- 
tion would cause aluminum to be deposited at the cathode. In 
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five years Hall’s process brought the price of aluminum down 
from about $8 a pound to less than a dollar a pound. Today 
aluminum sells for around twenty cents a pound. Twenty-two 
years of age when he made this discovery, Hall had great diffi- 
culty in securing financial backing necessary for the produc- 
tion of aluminum on a 
large scale, but he even- 
tually succeeded and be- 
came not only famous 
but very wealthy. At 
his death he left his for- 
tune to religious and edu- 
cational work both in 
this country and abroad. 

A third of his estate was 
bequeathed to Oberlin 
College, his alma mater. 

318. Extraction of 
aluminum. Although 
aluminum is the most 
abundant metal in the 
earth’s crust, and is wide- 
ly distributed in clay, no 
practical method exists 
by which it can be ob- 
tained from that source. 

Bauxite, a hydrated 
aluminum oxide, found in Arkansas, and cryolite, NasAlFe, 
found in Greenland, are the minerals from which aluminum is 
obtained. The extraction process is carried out in a long iron 
cell lined with carbon, which is made the cathode (Fig. 279). 
Carbon rods suspended in the cell act as anodes. The charge 
consists of pure aluminum oxide, which is prepared from the 
bauxite, and cryolite. When the current is passed through the 
cryolite, it melts, and the aluminum oxide is then added. Upon 
dissolving in the molten cryolite, it dissociates into A1+++ ions 


Courtesy Aniiuiimm Company of America 


Fig. 277. Charles Martin Hall (1863- 
1914). An American chemist who was 
the first to develop a practical elec- 
trolytic process for the separation of 
aluminum from its compounds. The 
extensive uses of aluminum, as ^ we 
know them today, were made possible 
by Hairs discovery. 



:e, the ore 
't methods. 


Courtesy Almmnmu Company oi Ammca 

Fig. 280 . Spinning a large aluminum cooking 
utensil. 
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and 0 ions. The aluminum ions coming into contact with 
the cathode gain electrons and are thereby changed into free 
aluminum, which settles to the bottom and is removed from 
time to time. The oxygen ions coming into contact with the 
anodes give up their electrons and are changed to free oxygen, 
which combines with the carbon of the anodes to form gaseous 
oxides of carbon. Aluminum oxide is added from time to time 
to keep the process continuous. The cryolite acts merely as 
a solvent and is not consumed. 

319. Properties and uses of aluminum. Aluminum is a 
silver-white metal with about one third the density of iron. 
It is one of the stronger metals, but is not so tenacious as iron 
or copper. Aluminum can be cast, rolled, extruded, forged, 
drawn, spun, stamped, machined, and welded. Upon e.xposure 
to air, aluminum becomes coated with a thin, adherent film 
of the oxide, which prevents further action of the air on the 
metal beneath. It has a high degree of resistance to at- 
mospheric corrosion and to the corroding action of many chem- 
icals. Powdered aluminum burns brilliantly when heated to a 
sufficiently high temperature. It is therefore a good reducing 
agent. Strong alkalies attack aluminum and react with it 
according to the equation: 

2 A1 -f 6 NaOH 2 NasAlOs -f 3 Ha t 

The substitution of aluminum or its alloys for the heavier 
metals has taken place rapidly in the last few years. Its light- 
ness together with its strength makes it a valuable metal in the 
construction of airplanes, trains, buildings, and all other in- 
stances where it is important to keep weight at a minimum 
without sacrificing strength (Figs. 281 and 282). Because of 
its good electrical conductivity and light weight, aluminum is 
replacing copper for long-distance transmission of electricity. 
Because of its good heat conductivity, lightness, and durability, 
aluminum is used extensively for making kitchen utensils. It 
is also used in the metallurgy of steel and in making wrapping 
foil. Aluminum powder is used in making paint. 






Courtesy Aluminum Company of America 

Fig. 281. Roadway deck panel o£ strong aluminum alloy being swung 
into place in the reconditioning of the floor system of an important 
highway and street railway bridge. 


Courtesy Aluminum Company of America 

Fig. 282, Transcontinental & Western Air’s all-aluminum, twin- 
motored Douglas transport plane. 
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320. Thermit welding. Another interesting use of alumi- 
num based upon its reducing action is thermit welding (Fig. 

283) . Thermit consists of a mixture of powdered aluminum 
and iron oxide. When this mixture is ignited by means of a 
fuse, a very vigorous reaction takes place, during which the 
ironoxideisreducedbythealuminum: 

2 A1 -f- FeaOg 2 Fe -h AlnOs 

The heat produced is great enough to melt the iron. Thermit 
is therefore used in welding broken propeller shafts, rails (Fig. 

284) , rudder posts, 
and heavy machinery 
that has to be welded 
on the spot. The 
broken ends of the 
parts to be welded 
are first heated red 
hot and then the 
thermit is arranged 

in position and ig- pjg_ 233 . Thermit welding process, 
nited. The molten 

iron flows into the break and joins the parts together. 

The reducing action of aluminum is also used to free certain 
metals from their oxides: 

2 A1 -f- Cr203 — > 2 Cr -j* AI 2 O 3 
4 A1 -f 3 MnOa 3 Mn -f 2 AI 2 O 3 

This method of extracting metals is called alumino-thermics. 

321. The extraction and uses of magnesium. The occur- 
rence of magnesium minerals is discussed in Section 289. The 
element is prepared by the electrolysis of either the fused 
anhydrous chloride or fused carnallite. The method of ex- 
traction is similar to that used for extracting aluminum, the 
molten charge being placed in an iron crucible which acts as 
the cathode, while a carbon rod is introduced as the anode. 



Courtesy W. M. Welch Manufacturing C 
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Molten magnesium is liberated at the cathode and settles to the 
bottom of the crucible. An interesting modern development is 
the recovery of magnesium from sea water. 

The properties of magnesium closely parallel those of alu- 
minum especially in the matter of density, strength, reaction to 
v; , air, and reducing action. 

liance with which it 
burns, magnesium is 
used in the manufacture 
of certain kinds of fire- 
works and signal flares. 
The chief reason for 
the increasing produc- 
tion of this metal, how- 
ever, is its usefulness in 
the manufacture of al- 
loys for use in airplane, 
dirigible, and automo- 
bile parts. 

Zinc, Tin, Nickel, 
AND Chromium: 
Four Widely Used 
Goating Metals 

322. Zinc. (1) Oc- 
currence of zinc. Some 
of the most common 
ores of zinc are sphaler- 
ite, ZnS; zincite, ZnO; 
and smithsonite, ZnCOg. These ores are widely distributed, 
but the chief zinc-producing states are Oklahoma, Kansas, Mis- 
souri, Montana, and New Jersey. The United States produces 
about two-fifths of the world’s supply of zinc. 

(2) Metallurgy of zinc. Sulfide and carbonate ores are first 
roasted to convert them to oxides: 


Courtesy .Metal Therruit Corporation 

Fig. 284. Welding broken street car 
rails with thermit. 
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Zii(C03)-»Zn0 + G02t 
2 ZnS + 3 O 2 2 ZnO + 2 SO 2 1 

The oxide obtained in this manner, or the natural oxide ore, is 
then rnixed with charcoal and heated in clay retorts where 
reduction occurs : 

ZnO + C Zn + CO f 

The temperature in the retorts is higher than the boiling point 
of zinc. Consequently, the zinc distills over and is condensed 
and collected by con- 
ical receivers fitted 
onto the retorts. It 
is then poured into 
molds to solidify and 
form spelter. Spel- 
ter zinc usually con- 
tains iron, lead, cad- 
mium, and arsenic 
as impurities. It 
may be further re- 
fined by distillation 
or by electrolysis 
from a solution of 
its salts. 

(3) Properties and 
uses of zinc. This bluish-white metal is useful because it can 
be made malleable by heating to a temperature of about 150° 
C.; after this it can be rolled into sheets or drawn into wire. 
Zinc is above hydrogen in the Activity Series, but it undergoes 
slight chemical action in the air because of the thin but ef- 
fective protective film of basic carbonate which forms upon 
its surface. For this reason, a very large proportion of all 
zinc extracted is used to galvanize iron. 

Zinc has long been used in the preparation of alloys, and 
its use for that purpose is increasing steadily. Other com- 
mon and familiar applications of zinc are as roofing material. 



Fig, 285. The metal parts of this vacuum 
sweeper are made of cast zinc alloy. 
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for the construction of dry cells, and for making zinc oxide 
to be used as a paint pigment, ointment, and oilcloth coating. 
, 323. Tin. The world’s supply of tin comes largely from 

the Malay States, the Dutch East Indies, and Bolivia. The 
chief ore is cassiterite, Sn02. After the ore is freed of impuri- 
ties, it is reduced with carbon in a reverberatory furnace. Tin 
is a soft, white metal having a high luster. It is quite malleable, 

and its tensile strength is 
very low. Tin stands low in 
the Activity Series; there- 
fore it does not corrode read- 
ily, and acids have little or 
no effect upon it. 

The chemical inactivity 
of tin accounts for most of 
its uses. It is used to coat 
iron in much the same fash- 
ion as zinc, and large quanti- 
ties of tin plate are used for 
roofing and in the manufac- 
ture of tin cans. The latter 
use is possible because the 
acids in foods do not react with tin. Tin is also used in making 
tubing to convey distilled water and in the preparation of 
alloys. The largest amount, however, is used in coating sheet 
iron. 

324. Nickel. Nickel is often present as an impurity in 
crude copper, and fairly large quantities of nickel sulfate are 
recovered from this source during the refining of copper by 
electrolysis. The richest nickel ores are found in the Sudbury 
district of Canada and in New Caledonia. The most common 
ore is the sulfide. Another closely related metal, cobalt, is 
usually found associated with nickel. 

Nickel does not tarnish readily in air, and it acquires a 
durable silvery luster when polished. For these reasons, it is 
used to a large extent in plating articles made of iron or brass. 
Nickel is also used in the manufacture of Edison storage cells, 



Fig. 286. Automobile radiator 
grille made from cast zinc alloy. 
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as a catalyzer in the hydrogenation of oils, and in the prepara- 
tion of alloy steels. Both nickel and cobalt, like iron, are 
magnetic, and they find numerous uses in radio and in elec- 
trical apparatus for this reason. 

325. Chromium. This metal has become very familiar 
through its popularity as a coating for metallic objects, such 
as automobile headlamps, bumpers, radiator shells, inexpensive 
jewelry, bathroom fixtures, and many other household ap- 
pliances. It is a hard metal, possessing a bright, silvery luster 
which is not affected by exposure to air, moisture, or acids. 
In addition to the uses already mentioned, chromium is an 
important constituent of alloys. The source of chromium is 
ihe ott chromite, CraOs'FeO, which occurs chiefly in East 
Africa, New Caledonia, and the Philippine Islands, but smaller 
amounts also have been located in the United States. Alumi- 
num is used to reduce the ore: 

Cr 203 2 A1 — ^ 2 Cr AI 2 O 3 

Lead: 

The Metal of Storage Batteries and Paints 

326. Occurrence and metallurgy of lead. The chief ore 
of lead is galena, PbS. Utah, Idaho, Oklahoma, and Missouri 
produce about one-third of the world’s supply of lead. Other 
important sources are Canada and Mexico. 

After the galena is crushed and concentrated by flotation, 
it is roasted in a reverberatory furnace (Fig. 288). This con- 
verts part of the lead into lead oxide, part into lead sulfate, 
and some lead sulfide remains unchanged: 

(1) 2PbS + 3 02-»2Pb0-{-2S02t 

(2) PbS-}-2 02 ^Pb(S 04 ) 

The air supply is then shut off and the temperature is raised. 
This results in chemical reactions between the unchanged lead 
sulfide and the lead oxide and lead sulfate: 

(3) PbS + 2 PbO 3 Pb SO 2 1 

(4) PbS -H Pb (SO 4 ) 2 Pb 4- 2 SO 2 1 
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The molten lead is run into molds and is allowed to solidify 
in ingots. Figure 289 shows the pouring of pigs of lead. 


Uourtesy JNatJOuai Lead Oompaiiy 


Fig. 287. Interior view of a lead mine. 


The procedure just described is for lead ores having a high 
percentage of lead. Low-grade ore.s are smelted in a blast 
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furnace in which coke is used as a reducing agent and limestone 
is added as a flux to remove silica. 

327. Refining lead. The lead produced by either process 
contains impurities that must be removed. One method of 
refining lead is by electrolysis. This will remove silver and 
gold. Another method is by heating the lead in an open fur- 
nace with an excess of air to oxidize the impurities, after which 
they can be skimmed off as 
a scum of oxides. If much 
silver is present in the lead, 
it is refined by the Parkes 
process. 

The Parkes process oper- 
ates on the fact that silver 
is much more soluble in zinc 
than in lead. Zinc is added 
to the melted lead, and most 
of the silver present as an 
impurity dissolves in the 
zinc. The zinc-silver mix- 
ture rises to the top and is 
skimmed off. Any zinc 
which may have remained 
in the lead .is next re- 
moved by oxidation in a 
furnace. The resulting zinc 
oxide also collects on the surface and is removed by skimming. 

328. Properties and uses of lead. Lead is heavy, soft, 
and can easily be rolled into tough sheets which are not easily 
broken. When heated not quite to its melting point, lead 
becomes soft enough to be forced through dies. Lead pipe is 
made in this way. Chemically, lead is characterized by the 
fact that it forms a protective coating of basic carbonate when 
exposed to moist air. 

Lead is used in the manufacture of storage batteries, in the 
making of cable coverings, and in the preparation of white lead 



Courtesy U» S. Bureau of Mines 


Fig. 288. Concentration of lead 
by air flotation machine. The 
lead froth overflows and enters 
sponts which carry it to the filter- 
ing plant for filtering and drying. 
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for use in the manufacture of paints. It is also used in making 
many different alloys, for making water-pipe, and in lining the 
rooms of chamber-process sulfuric acid plants. 


Mercury: 

A Liquid Metal 


329. Extraction of mercury. The only metal which is a 
liquid at ordinary temperatures occurs uncombined in nature 
_ _ in small quantities, 

but the ore cinnabar, 
HgS, is the only im- 
portant commercial 
source of mercury. 
Spain furnishes the 
largest quantities, but 
cinnabar also occurs 
to some extent in 
Italy and California. 

Courtesy National Lead Company The merCUry IS rath- 

Fig. 289 . Pouring pigs of lead. ^^sUy obtained 

by roasting the ore, 
the sulfur being oxidized to sulfur dioxide, and the mercury 
being vaporized and then condensed. If necessary, the mer- 
cury can be further purified by redistillation or by treatment 
with dilute nitric acid. 


330. Properties and uses of mercury. Mercury is so 
dense that most metals could float on it in the same way that 
cork floats on water. The fact that it is below hydrogen in 
the Activity Series immediately suggests its chemical inactivity. 
The electrical conductivity of mercury is good, both in the 
liquid and vapor state. The most important uses of mercury 
are in the manufacture of thermometers and barometers, scien- 
tific apparatus, mercury arc-lamps, and in the preparation of 
alloys called amalgams. 
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Selves, Gold, and Platinum: 

The Precious Metals 

331. Silver. Silver occurs both free and combined. The 
method of extracting it from its ores depends upon their com- 
position and is subject to a great deal of individual variation. 
In the discussion of the refining of copper we learned that 
much silver is recovered from the electrolytic mud (Sec. 315) ; 
likewise we have learned how silver is recovered from lead by 
the Parkes process (Sec. 327). A great deal of silver pro- 
duced in the United States is obtained in these ways. 

Silver is soft, ductile, malleable, and has a high luster. It 
ranks first among the metals as a conductor of heat and elec- 
tricity. Silver is not affected by water or air ; but on exposure 
to certain compounds of sulfur, silver tarnishes due to the 
formation of silver sulfide. Nitric acid reacts with silver to 
form silver nitrate, a very important compound. 

Silver is used as a coating for silver-plated ware and as a 
backing for mirrors. Its uses for coins and jewelry are well 
known. The photographic industries use upwards of 150 tons 
of silver annually in the making of film and sensitive paper. 

332. Gold. Gold occurs native and is obtained from quartz 
veins and from gravel or sand deposits. When found in sand 
or gravel, the ore is stirred with running water. This causes 
the heavier gold to settle to the bottom while the lighter sand 
and gravel particles are carried off by the stream of water. 
When gold occurs in quartz, the ore is crushed and ground in 
water. The gold-bearing slimes obtained in this way are 
passed over copper plates which have previously been coated 
with mercury. The gold dissolves in the mercury to form an 
amal ga m. \^en the amalgam is heated, the mercury vaporizes 
and the gold is left. In the cyanide process, the powdered 
gold-bearing ore is placed in a solution of sodium cyanide in 
which the gold dissolves, forming a sodium-gold cyanide: 

4 Au -f 8 NaCN -f O 2 -f 2 HaO ^ 4 NaAufCNja -f 4 NaOH 
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The gold is then displaced from this compound by the addition 
of zinc: 

2 NaAu(CN )2 Zn NaaZn (CN )4 -f 2 Au 

It may also be separated by electrolysis. Some gold is also 
obtained as a by-product in the refining of copper, lead, and 
silver. 

Gold has been prized for ornamentation from the earliest 
times and is still used for that purpose. Like silver, gold is 
used for making coins, but because of its softness some copper 
of nickel is added to give it the requisite hardness and wearing 
qualities. Other uses of gold are for plating, for producing 
decorative effects, and for making gold leaf. 

333. Platinum. Most of the world’s supply of platinum is 
obtained from Canada, in the slimes from nickel refineries; 
from Russia; and from Colombia. It occurs native in sand and 
gravel, and can therefore be mined by placer mining — surface 
excavation. 

The chemical inactivity of platinum and its high melting 
point of 1755° C. make it very useful for crucibles that have 
to withstand high temperatures. Its good electrical conductiv- 
ity enables it to be used in electric furnaces, for contact points, 
in X-ray tubes, and in other instances where it is necessary 
that the conductor itself does not evaporate at high tempera- 
tures. A considerable proportion of the platinum produced is 
used in jewelry. The average person cannot distinguish it from 
silver, but its greater cost gives the owner greater pride in its 
possession. From an industrial standpoint, the most important 
use of platinum is as a catalyst, examples of which have al- 
ready been given. 


Problem Summary Exercises that Everyone Should Do 

1. Describe several chemical characteristics of the metals; de- 
scribe the physical properties which enable us to recognize the metals 
so readily. 
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2. Define or explain the following terms: metallurgy; ore; 
gangue; gravity separation; flotation; flux; slag, 

3. Explain the general procedures by means of which metals are 
separated from oxide ores; from sulfide ores; from carbonate ores. 

4. Give a brief description of the blast furnace^ and explain the 
process by means of which iron ore is converted into pig iron. 

5. Write equations to represent the simpler reactions that take 
place in the blast furnace. 

6. Make a table in which you compare cast iroiij wrought iroiiy 
and steel with respect to the following items: (a) characteristic com- 
position; (b) characteristic properties; (c) method of manufacture; 
(d) quantity produced; (e) uses. 

7. Briefly describe the manufacture of steel by each of the fol- 
lowing methods: Bessemer; open hearth; electric furnace. 

8. Describe three factors which influence the hardness of steel, 
and tell what is meant by annealing; by tempering; by case-hard- 
ening, 

9. Explain the procedures by which the following are formed: 
copper matte; blister copper; anode plates. 

10. Give a detailed description of HalFs process for extracting 
aluminum. 

11. What is thermit, and for what is it used? Write an equation 
for the reaction that takes place when it is used. How does this 
illustrate alumino-thermics? 

12. Make a table comparing aluminum and magnesium with re- 
spect to: (a) ore from which metal is obtained; (b) method of 
extraction; (c) physical properties; (d) chemical properties; (e) 
uses. 

13. Tell the meaning of each of the following terms: (a) zinc 
spelter; (b) galvanizing; (c) tin-plating. 

14. Make a list of the properties and qualities which make a 
metal useful as a coating for other metals, 

15. How is lead extracted from high-grade ores? How does the 
treatment of low-grade ores difler? What is the Parkes process? 

16. What is the source of mercury and how is it extracted from 
the ore? Name several uses for mercury and describe the properties 
which make them possible. 
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17. What causes silver to tarnish? What property do certain 
silver compounds have which enables them to be used in photog- 
.raphy? 

18. Describe the characteristic uses of gold and the properties 
which make them possible. 

19. Describe some uses of platinum, and tell which properties 
permit these uses. 

PROBLEM 2: WHAT IS THE NATURE AND VALUE OF 

ALLOYS? 

Problem Assignment. Having learned how some of 
the common metals are extracted from their ores, the next 
step in our study is to learn how they are adapted for use. 
Even though the metallurgist has developed methods of ex- 
tracting from the earth many different metals with a great 
variety of properties, the needs of modern industry neces- 
sitate the fabrication of new metals with desired properties 
not offered by any single metallic element. Such metals 
are called alloys, and their importance is indicated by the 
fact that this is often called the Age of Alloys. The pur- 
pose of this problem is to explain what alloys are, to show 
how and why they are prepared, to present a scheme of 
classifying them, and to consider a theory to account for 
their characteristics. 

334. The nature and importance of alloys. About fifteen 
metallic elements serve modern needs, but over five thousand 
alloys of different composition are known, and hundreds of 
them are in common use. Brass, bronze, pewter, German sil- 
ver, stainless steel, and white gold are a few examples of metals 
which are not single elements, but which are alloys. 

In general, alloys are formed when two or more metallic 
elements are melted together and the mixture is allowed to 
cool and solidify. Some alloys may also contain non-metals, 
such as carbon, sulfur, arsenic, phosphorus, and silicon. It is 
probable that the first alloy was prepared accidentally when 
the ancients reduced some ore containing more than one metal; 
such ores are known today, and it is often difficult to separate 
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the individual metals in a pure condition. The ancients pre- 
pared bronze by melting together copper and tin, and brass 
was formed by mixing copper and zinc. Today, the prepara- 
tion of alloys is not such a hit-or-miss procedure as formerly; 
instead, it has become one of the most important and scientific 
phases of metallurgy. 

The reason why so many different alloys are prepared is 
that industry and modern civilization require metals having 
certain properties, or combinations of properties, which no one 
metallic element can provide. This explains why alloys have 
been described as “metals made to order.” It is raAer ob- 
vious that the same metal could not be used for both the springs 
and the steering mechanism of an automobile; or for the con- 
struction of both airships and heavy machinery; or for the 
manufacture of office furniture as well as the making of 
jewelry. Thus it is apparent that the chief purpose of alloy 
metallurgy is to design and prepare metals whose properties 
satisfy the needs of modern civilization. Their preparation 
may truly be called an outstanding example of creative chem- 
istry. 

335. The properties of alloys. The properties which 
metallurgists attempt to regulate through the preparation of 
alloys may be classed in two groups: namely, chemical and 
physical. Various kinds of stainless steel illustrate alloys 
whose chemical properties enable them to resist the action of 
the acids present in foods and fruits, and the constituents of 
the atmosphere. Similar metals which are resistant to the 
action of salt water have been prepared for marine use. With 
these few exceptions, however, the control of physical and 
mechanical properties is a more important aspect of alloy- 
making. 

The amazing evolution of the automobile and the airplane 
has been largely responsible for the rapid increase in alloy 
production during the last quarter century. The resulting 
demands for metals with hitherto unthought-of physical and 
mechanical qualities have prompted the research necessary to 




Courtesy Chicago, Burlington, and Quincy Kailroad 

Fig. 290. Strong, light-weight alloys have made great speed and 
economy of operation possible. 
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the production of metals with widely different and useful char- 
acteristics. Mention of a few will illustrate the idea we wish 
to emphasize. 

The automobile requires a dozen or more special metals. The 
rear axles, the crankshaft, and the steering column must be 
constructed of metals which, among other properties, can with- 
stand the stress of torsion, or twisting, without breaking. The 
valves and other parts of the motor must retain their strength 


and must function at very high temperatures. The springs 
must be flexible, while the frame should be quite the opposite. 
In the airplane, one of the chief requirements of metals is the 
combination of great strength and light weight. The elec- 
trical and radio industries, as well as those in more limited 
fields, also have their own particular needs for metals with 
certain physical and mechanical properties. 

336. Classification of alloys. Many schemes of classi- 
fication are possible, but alloys are usually thought of in terms 
of (1) their composition, (2) their uses, or (3) their properties. 
Accordingly, we have jerrous alloys (those which contain iron) 
and non-jerrous alloys (those which do not contain iron). The 
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first group includes all alloy steels and. special steels, while the 
latter group is often subdivided into classes according to the 
predominating base metal. Alloys in which aluminum, lead, 
copper, gold, silver, or any other metal except iron makes up 
the la-rgest percentage of any 

more of the following ele- 
ments. 

(1) Vanadium. This ele- 
ment is used to give toughness and resilience to the steel to be 
used in making automobile axles and locomotive parts. Bars 
of vanadium steel are so tough that they can be tied into 
knots without breaking (Figs. 291 and 292). 

(2) Manganese. Manganese steel is malleable, hard, and 
tough. It is used for such purposes as making automobile 
springs, burglar-proof vaults, heavy machinery, and armor 
plate. 


Courtesy V anadium Corporation of America 

Fig. 291. Mining vanadium ore in 
the Peruvian Andes. 



Courtesy Vanadium Corporation of America 

Fig. 292. Vanadium ore mined here will be used as a ferrous 

alloy. 
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(3) Chromium. Chromium imparts to steel the properties 
of hardness, strength, and resistance to corrosion. Steels con- 
taining this element are used in making anti-friction bearings 
and gears for automobiles, and for making projectiles to pierce 


armor plate. Chrome steel is also used in building construc- 
tion and for making “stainless steel” cutlery. 

(4) Tungsten. This element has made possible the so- 
called high-speed steel from which are made various kinds of 
cutting tools to be used in working other kinds of steel. 

(5) Nickel. Steel containing nickel has increased tough- 
ness, tensile strength, and resistance to corrosion. Nickel steel 
is especially well suited for case-hardened parts, rails, frames, 
and bridge construction. Alloys of iron and nickel or cobalt 
are also useful in making electromagnets. 

(6) Molybdenum. The effect of molybdenum on steel is 
similar to that of tungsten, and it is used in making high-speed 
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steel tools. Automobile parts, shovels, and machinery are also 
made of molybdenum steel. 

(7) Silicon. Relatively high percentages of silicon added 
to steel produce an alloy used in making laboratory ware and 
drainage pipe for laboratory sinks. This kind of alloy steel 
has great resistance to the action of acids. It is very brittle 
and does not possess the usual luster of most metals. 

Most alloy steels contain varying percentages of several of 
these elements, and each company has its own formula for 
manufacturing any particular kind or type. For these reasons, 
it is useless to attempt to give more than a few typical exam- 
ples to illustrate the composition of alloy steels ; these appear 
in the following table. 

TABLE 26 

Composition of Alloy Steels and Irons 
(in Parts Per Hundred) 

“Stainless steels” .Cr — 12-30 Ni, 0.1-1. O C 

Heat-resisting steels and irons .“18-8” — 17-28 Cr, 7-12 Ni, 0.07-0.S C 

30-60 Cr and Ni, 0.4-0.8 C 

Nickel steels 0.4-S.2S Ni, O.IO-O.SS C 

Chromium steels 0.6-8.0 Cr, O.lS-l.OO C 

Molybdenum steels O.lS-0.30 Mo, O.l-O.SS C 

Silico-manganese steels 0.6-0.9 Mn, 1.8-2 .2 Si, 0.4-0.7 C 

Chromium-vanadium steels . .0.18 V, 0.8-1.10 Cr, O.l-l.O C 

Tungsten steels 1.5-18 W, 0.S-4.0 Cr, 0.5-0.7 C 

Duriron 14.5 Si, 0.8 C 

Toncan iron 0.5 Cu, 0.1 Mo, 0.1 C 

338. Non-ferrous alloys. (1) Alloys of aluminum and 
magnesium. The rapid development of aviation has been made 
possible by the work of the metallurgist in preparing alloys 
that combine great strength with light weight. The base metal 
of such alloys is either aluminum or magnesium. Among such 
alloys which have gained wide recognition are the Duralumins 
and the Dowmetals. A representative Duralumin is composed 
of about 94 percent aluminum, 5 percent copper, and very 
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small percentages of magnesium and manganese, and a typical 
Dowmetal might be composed of about 90 parts of magnesium 
and 10 parts of aluminum per 100. The gondolas of several 
stratosphere balloons were constructed of Dowmetal. Other 
types of aircraft, street cars, trains, truck bodies, gasoline en- 
gines, and buildings are requiring increasing tons of light- 
weight alloys of aluminum. This is because they combine 
strength, light weight, good heat conductivity, and resistance 
to atmospheric corrosion. 

(2) Alloys of bismuth. This group of alloys includes sev- 
eral metals whose chief uses are dependent upon their rela- 
tively low melting points. Spoons made of some of these 
metals would melt when put into hot coffee. The composition 
and melting points of four well-known alloys of this t57pe are 
shown in Table 27. 


TABLE 27 

Low Melting Point Alloys 


Name 

Percent 

Bismuth 

Percent 

Tin 

•! 

Percent 

Lead 

Percent 

Cadmium 

Melting 

Point 

Wood^s metal ! 

50.0 

12.5 

25.0 

12.5 

65.5" C. 

Rose’s metal 

50.0 

22.9 

27.1 


93.8° C. 

Bismuth solder 

40.0 

20.0 

40.0 


111.0° C. 

Fusible alloy 

54.0 

26.0 

I 

20.0 

103.0° C. 


Such alloys are highly useful in affording protection from 
fire. Automatic sprinkler heads are plugged with fusible 
alloys which melt quickly. In case of fire a shower of water 
is released when these fusible alloys melt (Fig. 293). Fire 
doors in buildings are usually suspended by chains, one link 
of which is composed of a low melting point alloy. When 
heated sufficiently high, the alloy melts and allows the door to 





METALLURGY AND CHEMISTRY SS7 

drop shut, thereby preventing the spread of the fire beyond. 
Such alloys are also used in automatic fire alarms, in making 
fuses to protect electrical apparatus, and as safety plugs in 
boilers. 

(3) Alloys of copper. This element is the base metal of 
some of the most familiar and most important of all alloys. 
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Courtesy GriTuieU CoiniJaiiy 

Fig. 293. Automatic sprinkler head. Unusual heat causes the solder, 
which is really a low melting point alloy, to melt. This causes the 
hook to spring back, releasing the strut which holds the valve in 
place. As soon as the valve is released, the water rushes upward 
and throws all the parts from its path. The water striking the un- 
derside of the deflector is scattered over the area protected by the 

sprinkler. 

The brasses and bronzes belong to this group. The exact com- 
position, and therefore the properties, of such alloys vary ac- 
cording to the uses for which they are intended, but the brasses 
are composed largely of copper and zinc, while the bronzes are 
essentially copper and tin. Water-pipe fittings, valves, hard- 
ware, and sheathing for ships are often made of brass. Varie- 
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ties of bronze are commonly used for statuary, medals, cheap 
jewelry, coinage, and casting bells and guns. Table 28 in- 
cludes the names and composition of several of the more im- 
portant copper alloys. 

TABLE 28 

Alloys of Copper Composition 
(in Parts Per Hundred) 


Aluminum bronze ... . 90.0 Cu, 10.0 AI 

Manganese bronze . . . 95.0 Cu, 5.0 Mn 

U. S. nickel coinage . . 75.0 Cu, 25.0 Ni 

Phosphor bronze .... 79.7 Cu, 10.0 Sn, 9.5 Sb, 0.8 P 

Sea water bronze .... 45.0 Cu, 33.0 Ni, 16.0 Sn, 5.5 Zn, l.OBi 

Gun metal 90.0 Cu, 10.0 Sn 

Bell metal 78.0 Cu, 22.0 Sn 

Red brass 85.0 Cu, 15.0 Zn 

Yellow brass 67.0 Cu, 33.0 Zn 

German silver ...... 60.0 Cu, 25.0 Zn, 15.0 Ni 

U. S. cent .....95.0 Cu, 4.0 Sn, 1.0 Zn 

Monel metal ........ 26-30 Cu, 65-70 Ni, 3.0 Fe, 1.5 Mn 


(4) Alloys of gold and sUver. From remote times gold and 
silver have been highly prized for ornamental purposes. They 
have been used by most civilized countries as monetary stand- 
ards. To improve their hardness and wearing qualities, as well 
as to regulate other properties in a desirable way, these metals 
are almost always alloyed. The one metal generally used to 
alloy both silver and gold is copper. Table 29 gives the com- 
position and names of some common metals composed largely 
of silver or gold. 

(5) Alloys of lead. Shot metal, type metal, solder, and bat- 
tery plates illustrate some of the more common applications of 
lead alloys. Various alloying elements are added to give the 
lead increased hardness and strength. Arsenic lead is used in 
making shot because it is hard. Antimony is added to lead to 
be used in making type because antimony imparts to it the 
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TABLE 29 

Alloys of Gold and Silver Composition 
(in Parts Per Hundred) 


Standard gold 92 Au, 8 Cu 

Coinage gold 90 Au, 10 Cu 

Jewelry gold 84 Au, 16 Cu 

Green gold 75 Au, 25 Cu 

White gold 75-85 Au, 8-10 Ni, 2-9 Zn 

Dental gold Pure Au, or 80 Au, 10 Cu, 8 Ag, 2 Pt 

Sterling silver 92.5 Ag, 7.5 Cu 

U. S. coinage silver .... . 90 Ag, 10 Cu 

Jewelry silver 80 Ag, 20 Cu 

Dental silver 68 Ag, 28 Sn, 3 Cu 


property of expanding upon solidifying. This causes the type 
to have sharp edges. Table 30 lists some of the typical alloys 
of lead. 

TABLE 30 

Alloys of Lead Composition 
(in Parts Per Hundred) 


Shot metal 99.8 Pb, 0.2 As 

Battery plates 94.0 Pb, 6.0 Sb 

Type metal 58.0 Pb, 26.0 Sb, 15 Sn, 1 Cu 

Plumber’s solder 67.0 Pb, 33.0 Sn 

Chemical lead 94.0 Pb, 6.0 Sb, Low % of Te 


(6) Alloys of mercury. Mercury dissolves many different 
metals to form a class of alloys known as amalgams. Many of 
these are pasty and soft when first made, but become hard 
shortly after. An example is the so-called “silver filling” used 
by dentists, which is an amalgam of mercury, silver, copper, 
zinc, and tin. Some gold is extracted by dissolving it in mer- 
cury to form an amalgam, but otherwise, amalgams have no 
extensive uses. 

(7) Alloys of tin. Alloys belonging to this class are not oidy 
numerous, but many of them are very common. Pewter, 
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britannia metal, and Babbitt metal are examples. The latter 
is one of many anti- friction alloys which are used in the bear- 
ings of automobile engines, locomotives, and other kinds of 
machinery. The names and composition of several familiar 
alloys of tin are given in Table 31. 

TABLE 31 

Alloys of Tin Composition 
(in Parts Per Hundred) 


Britannia metal ..... 90 Sn, 10 Sb 

Babbitt metal 90 Sn, 7 Sb, 3 Cu 

Pewter 74-89 Sn, 0-20 Pb, 0-7.6 Sb, 0-3. S Cu, Zn 

Tinfoil 88 Sn, 8 Pb, 4 Cu, 0.5 Sb 

Tinsel 60 Sn, 40 Pb 


339. Theories of alloys. By using X rays and the micro- 
scope, chemists have studied both the composition and struc- 
ture of alloys. It has been found possible to classify them 
according to the following types: 

1 . A solid solution of one metal in one or more other metals. 

2. A chemical compound composed of two or more metals. 

3. A mixture of a compound in an excess of one of its con- 
stituent metals. 

All metals are crystalline in their nature, and the best ex- 
planation of the physical and rnechanical properties of alloys 
rests upon this fact. Metals composed of small crystals are 
harder and stronger than those in which the crystals are large. 
When metals are cold-worked, their hardness and strength are 
increased because their crystals are crushed or broken into 
smaller ones. Heating, annealing, and tempering cause the 
crystals to grow in size, and the metals become softer. Thus 
the properties of metals and alloys can be regulated by con- 
trolling crystal growth through heat treatment. The appear- 
ance of a galvanized pail gives evidence of the crystalline na- 
ture of metals. 
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The composition of the crystals themselves is also believed 
to be an important factor in determining the properties of al- 
loys. An alloy is not necessarily composed of an aggregation 
of separate crystals of each ingredient, but the alloy crystals 
may be built up of atoms of two or more separate metals. The 
failure of alloys can be attributed not only to cleavage between 
crystals, but also to slippage within the crystals themselves. 



Fig. 294. Microphotographs o£ two different types 
of vanadium steel showing differences in size of 
crystals due to differences in composition and 
heat treatment. 

In Other words, when a metal is subjected to some external 
pressure or stress, the crystals may actually undergo a de- 
formation. If the crystals are composed of two kinds of atoms 
of different sizes, alternately arranged, they are more capable 
of resisting internal slippage when pressure is applied, than 
if they are composed of atoms of the same size throughout. 
Thus the strength, hardness, ductility, malleability, and capac- 
ity of metals to be drawn, rolled, and forged can be accounted 
for on the basis of their crystalline nature and the molecular 
or atomic make-up of their crystals. 


Problem Summary Exercises that Everyone Should Do 

1. Distinguish between metals and alloys. 

2. Explain clearly why the preparation of alloys is so important 
today. 
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3. In general, how are alloys prepared? 

4. Name several chemical and physical properties sought for in 
alloys, and cite an example to indicate the importance of each prop- 
erty.' 

5. List five examples of modern uses for metals which did not 
exist fifty years ago, and tell which alloys have been prepared to 
meet these needs. 

6. Name three schemes for classifying alloys, and explain the rea- 
sons for each. 

7. Tell what is meant by alloy steels, and name five elements 
used in preparing them. 

8. How do alloy steels compare with other alloys in importance? 
In tonnage production? 

9. Tell the meaning of each of the following, and give examples 
to illustrate: (a) light-weight alloys; (b) fusible alloys; (c) brasses; 
(d) bronzes; (e) coinage metals; (f) jewelry metals; (g) amalgams; 
(h) anti-friction alloys. 

PROBLEM 3: HOW ARE METALS PROTECTED 
AGAINST CORROSION? 

Problem Assignment. Most metals rust, tarnish, and 
corrode. Such a process is popularly called “the eating of 
metals,” but scientists speak of it as oxidation. Some idea 
as to the significance of the problem of corrosion can be 
gained from the statement that about 25 percent of the an- 
nual production of iron and steel is for the purpose of re- 
placing that rendered unserviceable by corrosion. In this 
problem, we shall consider the causes of corrosion, the most 
likely theory as to its chemical nature, and some of the 
more important methods employed to prevent corrosion. 

340. The problem of corrosion. The subject of corrosion 
is one of the most practical and interesting problems of modern 
chemistry. It affects all of us daily, and has a bearing on the 
security and welfare of future generations. When we realize 
how corrosion destroys metals, it is at once apparent that to 
prevent corrosion is to contribute to the conservation of natural 
resources. This is true with respect to our existing reserves of 



METALLURGY AND CHEMISTRY S63 

metallic ores and with respect to our coal deposits. Since the 
production of one ton of steel requires between four and five 
tons of coal, any saving in steel, due to the prevention of cor- 
rosion, is multiplied five-fold in the consequent saving of coal. 

Corrosion is a vexing and expensive problem from the stand- 
point of the consumer. Millions of dollars are spent annually 
in replacing corroded metals, in efforts to prevent corrosion, 
and in carrying on research related to the problem. It also has 
a social aspect, for human life and safety often depend upon 
the strength and durability of metallic structures. 

341. The facts of corrosion. (1) The nature of corrosion. 
Everyone has observed the rusting of tin cans, the tarnishing 
of silverware, and the greenish deposits that form on copper 
spouting and exposed copper wires. These are common ex- 
amples of corrosion. The products formed during corrosion 
are usually oxides, hydroxides, carbonates, or sulfides of the 
metals attacked: 

(1) 2Fe®-»Fe+++0-- 

(2) 2Ag®-»Ag+S— 

(3) 2Cu® -^C u++(C 03 )"-Cu++( 0 H)- 

As shown by the equations, the valence of the metal is in- 
creased during corrosion; therefore, corrosion involves an oxi- 
dation process. It is believed that corrosion is an electrochemi- 
cal process involving a transfer of electrons from the metal 
being oxidized to another element being reduced. 

Corrosion begins at the surface of a metal and may then 
progress in a variety of ways. Seldom does corrosion take 
place evenly over the surface of the metal being attacked. 
Pitting may occur at various points on the metal whereby one 
part of the metal is completely penetrated before adjacent 
areas show any sign of corrosion. In other instances, the entire 
surface may become affected quickly but not deeply. 

(2) The causes of corrosion. Since different parts of the 
same metal may corrode at different rates of speed, although 
the same conditions prevail, some corrosion factors must be 
contained within the metal itself. In general, pure metals cor- 
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rode slowly, whereas the presence of impurities often increases 
the readiness and speed with which metals corrode. Strained 
or stressed metal corrodes more rapidly than unstrained or un- 
stressed metal. 

The chemical agencies of corrosion are most important, and 
the composition of the products of corrosion suggests what some 
of these agencies are. Since iron will not rust in perfectly dry 
air, we conclude that water is essential for the progress of 
corrosion. Oxygen is involved in most forms of corrosion, and 
it is usually present in dissolved form in all water. This is 
also true of carbon dioxide, which, in the presence of water, 
forms sufficient quantities of carbonic acid to promote the de- 
struction of metals. Other known agencies of corrosion are 
sulfur dioxide and hydrogen sulfide, both of which are especi- 
ally prevalent in the air around certain factories. The nitric 
acid produced by electrical discharges during thunderstorms 
is also a factor. The speed of corrosion is increased in an acid 
medium, while alkalies seem to retard the process. Corrosion 
also takes place more rapidly when the metal is in contact with 
a solution of a strong electrolyte; the action of sea water on 
the hulls of ships is an example. 

342. The electrochemical theory of corrosion. Several 
different theories of corrosion have been offered, but the elec- 
trochemical theory is generally accepted as being the best ex- 
planation for the established facts. This theory of corrosion 
is very similar to the explanation given for the operation of 
the simple electric cell (Sec. 117), which should be reviewed 
at this time. 

It is believed that the chemically non-uniform surfaces of 
commercial irons and steels constitute numerous tiny electric 
cells, especially when in contact with moisture containing dis- 
solved oxygen, carbon dioxide, or electrolytes. Iron atoms 
tend to pass into solution as ferrous ions by transferring elec- 
trons to some of the hydrogen ions in the water; 

Fe" -}-2H+ ^Fe++-f 
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The dissolved oxygen in the water promotes two further 
changes: namely, the conversion of the nascent hydrogen into 
water : 

2 H2 "h O2 — ^ 2 H2O 

and the conversion of ferrous ions into ferric oxide: 

4^Fe"t"^ 3 O 2 — > 2 Fe 203 

The iron oxide deposits as a red, porous coating on the sur- 
face of the metal, but it does not prevent further rusting be- 
cause it is still possible for the agencies of corrosion to pene- 
trate to the iron beneath. The drawings in Figure 295 give 
further details of the electrochemical explanation for the rust- 
ing of iron. The explanation for the corrosion of other metals 
and for other agencies of corrosion is similar. 

343. The prevention of corrosion. As suggested in the 
preceding problem, an increasingly common method of coping 
with the problem of corrosion is to prepare and use special 
kinds of alloys that will not rust, tarnish, or corrode under the 
conditions intended for their use. All other methods of pre- 
venting corrosion are fundamentally similar in that they seek 
to keep the agencies of corrosion from coming into contact with 
the metal. This principle is applied in a variety of ways 
which may be grouped as follows: (1) protection by metallic 
coatings, such as zinc, tin, nickel, and chromium; (2) protec- 
tion by chemical coa^mgs, such as “skins” of oxides, phos- 
phates, and similar compounds ; and (3 ) protection by non- 
metallic coatings, such as paints, lacquers, and enamels. 

344. Protection by metallic coatings. Among the metals 
commonly used for this purpose, zinc and tin are most im- 
portant; others are silver, chromium, nickel, cadmium, alumi- 
num, and copper. Such metals are applied by a variety of 
methods, all of which have their limits of practicability. 

How metals protect against corrosion. Various metals are 
used to protect iron because they are naturally more resistant 
to corrosion. This is true for one of two reasons: first, the 
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metal may be low in the Activity Series and will not oxidize 
so readily as iron. Tin, silver, and copper are examples. Sec- 
ond, even though the metal may stand high in the Activity 
Series, a protective film, usually of the oxide or basic car- 
bonate, forms on its surface and effectively hinders further 
corrosion. Zinc and alumi- 
num are such metals. The ii ■ ^ ^ 

protection afforded by a l :/j py 

metal thus depends upon jv 'Pf 'J ■ 

these properties, and the rate ' ' ; l ' n ^ 

of corrosion after the failure 

of the coatfwg has an electro- \ ' . I ; ' Jifi fflyi!' 

chemical explanation. K . 'X 'i • ^ 

Any combination of two / fr 'P 

dissimilar metals in contact . ‘ V .X* X ' ly I 

with each other and in the X ‘I X 3m 

presence of moisture consti- f , '! ^ ’ Itlj 

tutes an electric cell in which ■{-’ i f. J f J, I 

the more active metal cor- ^ -ji I'X}'' ( L V { ’ ; i Li 
rodes. Zinc and tin both nntevTOod & underwood 

form films which give excel- 296 . These pieces of plated 

, .... metal were cut with a sharp in- 

tent protection to the iron Strument and illustrate the prog- 

beneath so long as they of corrosion. As long as the 

° protective coating remains un- 

are continuous. Once these broken, corrosion will not occur. 

“skins” are broken, however, 

an electrolytic couple is formed. Zinc and iron form a cell in 
which zinc acts as the negative electrode and iron becomes the 
positive electrode. The zinc therefore corrodes in preference 
to the iron, and the latter is afforded protection at the expense 
of the zinc down to the last atom: 

I — electrons — 1 

Zn® Zn++ -f 2 e Fe« -> 2 H+ -f 2 e H®t 

Zinc dissolves Hydrogen is evolved 

On the other hand, tin and iron form a cell in which iron 
acts as the cathode and tin acts as the anode: 
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I — electrons— I 

Fe»->Fe++ + 2e L** ^ 2 H+ + 2 e H«t 

Iron dissolves Hydrogen is evolved 

Under these conditions, the iron corrodes more rapidly than it 
otherwise would. 

How metallic coatings are applied. Hot dipping is the oldest 
process of applying protective metals to iron, and it is still used 
today. Zinc and tin are both applied by this method. The 
articles to be plated are first pickled and treated to remove all 
oxide, grease, and dirt, and are then dipped into a bath of the 
molten metal. All iron coated with zinc, whether applied by 
this or other methods, is called galvanized iron. When iron is 
coated with tin, the product is known as tin plate. 

Sherardizing is ih.& process of placing the objects to be 
plated into an iron drum containing zinc and zinc oxide, and 
then heating them to a suitable temperature for several hours. 
The drum must have an inert or a reducing atmosphere to pre- 
vent oxidation. The resulting coating consists of a series of 
iron-zinc alloys covered with a layer of pure zinc. This method 
of applying zinc is limited to small articles, but even finely- 
threaded screws can be treated in this manner without impair- 
ing the threads. 

Colorizing is very similar to sherardizing, except that the 
metal applied is aluminum. The articles to be treated are 
heated in a suitable retort along with a mixture of aluminum 
and aluminum oxide. Hydrogen is used as a reducing agent 
during the heating process. A cross section of a calorized metal 
shows it to have a surface coating of aluminum oxide followed 
successively by a layer of pure aluminum and one of an alumi- 
num-iron alloy on the metal underneath. 

The Schoop process is a method of spraying finely-divided 
metal onto the surface to be protected. The metal is fed into 
a “gun” in the form of wire. An oxy-hydrogen flame or an 
electric arc melts the metal, and a blast of air forces the fine 
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mist onto the surface being treated. It is believed that as the 
particles strike the metal surface, the heat generated is suffi- 
cient to melt them and thus to assure adherence. This process 
is chiefly used to galvanize iron, but aluminum, tin, lead, cop- 
per, gold, and even steel can be applied by this remarkable 
process. 

Electroplating is one of the most widely used methods of 
applying metallic coatings (Sec. 116). Practically all of the 
metals can be applied in this fashion, although nickel, chro- 
mium, silver, copper, and cadmium are most used. A coating 
applied by electrolysis is of a high degree of purity, although 
conditions surrounding the operation must be controlled to pre- 
vent the coating from being porous or containing acid, either 
of which would result in a failure of the coating. 

345. Protection by chemical coatings. Several different 
processes have been developed for chemically treating the 
surface of iron so that it becomes coated with a compound 
which will resist corrosion. Such compounds include princi- 
pally oxides and certain phosphate coatings. 

Oxide coatings. In the Bower-Bar ff process, the articles to 
be treated are put into a retort and are heated to a suitable 
temperature. Air and super-heated steam are admitted, and 
chemical action produces a mixture of both red and black 
oxides of iron on the surfaces of the objects. This treatment is 
followed by the use of a suitable reducing agent, such as carbon 
monoxide, which reduces the red ferric oxide to black magnetic 
iron oxide; 

3 FeaOa -f- CO 2 FesO* -f CO 3 f 

Red oxide Black oxide 

One objection to this kind of coating is that it is brittle and 
flakes off easily when the metal is bent. There are various 
modifications of this process, which differ chiefly in the choice 
of reducing agent. The Gesner process, for example, uses the 
vapor of gasoline or naphtha to affect the reduction of the red 
iron oxide. 
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Courtesy Parker liust-Prooi' Company 

Fig. 297. Rustproofing iron and 
steel products by the Parkerizing 
method. The objects to be rust- 
proofed are coated with millions 
of crystals that adhere to the sur- 
face with great tenacity. 


Phosphate coatings. The purpose of all methods of produc- 
ing a phosphate coating is to cover the iron with a “skin” of 

insoluble ferrous phosphate. 
In the Cosletizing process, 
the articles are thoroughly 
cleaned, and are then im- 

1 1 mersed in a bath of phos- 

I ^ phoric acid containing iron 

phosphate and iron or zinc 
filings. The resulting coat- 
ing is uniform and adherent, 
and gives excellent protec- 
tion under neutral, acid, and 
alkaline conditions; further- 
more, it does not flake when 
bent. This treatment is 
especially applicable to deli- 
cate surgical instruments, 
small mechanical parts, and 
metals for marine use be- 
cause marine growths avoid 
phosphate coatings. 

Parkerized iron is made in 
a very similar manner, ex- 
cept that manganese dioxide 
is added to the bath to par- 
tially oxidize the ferrous 
phosphate. The film then 
consists of a mixture of fer- 
rous and ferric phosphates, 
but its properties are prac- 
tically the same as those of 
Cosletized irons. In both 
cases, the appearance of the 
finished objects is usually improved by treatment with oil or 
paraflnin, which produces a uniform, rich black color. 


METALLURGY AND CHEMISTRY S71 

346. Protection by non-metallic coatings. We have been 
taught to “save the surface and save all” through the use of 
paints. The convenience of using paints to protect and beautify 
structural metal work and automobile bodies is universally 
recognized. The composition of paints is an important con- 
sideration in selecting one to use in preventing corrosion. Some 
paints contain acidic ingredients which tend to accelerate cor- 
rosion, while others have components of a basic character, 
especially in the presence of moisture, and they help to retard 
corrosion. The physical qualities of the resulting paint-film 
are also important factors in determining its value as a means 
of protection against corrosion. Other non-metallic coatings 
sometimes used include varnishes, quick-drying lacquers, Japan 
finishes, and vitreous enamels. All have their advantages and 
disadvantages for particular uses. 

347. Choice of a method to prevent corrosion. No one 
process is equally desirable for protection against all forms of 
oxidation. Some protect against ordinary rusting but not 
against corrosive chemical solutions; others afford protection 
in alkaline media but not under acidic conditions; and so on. 
Other factors are also important, and a manufacturer’s choice 
of a method to protect metals against corrosion would prob- 
ably be governed by: (1) the intended use of the metal; (2) 
the cost of the different processes; (3) the effect of the treat- 
ment on the physical properties of the metals; (4) patent 
restrictions on the various processes. 


Problem Summary Exercises that Everyone Should Do 

1. Explain why the subject of corrosion is such an important 
problem. 

2. Describe the nature of corrosion, citing common examples. 

3. What agencies or factors cause and influence corrosion? 

4. Name four general methods of preventing corrosion. 
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5. Name the metals commonly used as coatings to prevent cor- 
rosion, and briefly describe five methods of applying them. 

6. What factors govern the choice of a method to prevent cor- 
rosion? 

PROBLEM 4: IN WHAT WAYS ARE COMPOUNDS OF 
THE METALS USED? 

Problem Assignment. A comprehensive study of the 
applications of metallic compounds might reasonably be 
called the chemistry of everyday life, so widespread and 
intimate are their uses. Such a study would be a complete 
course in itself, but in this problem we can consider only a 
few of the more extensive uses of the compounds of the 
metals. Certain metals are important because of the use- 
fulness of their compounds, as well as because of their use- 
fulness as metals and alloys. In other words, the chemical 
applications of such metals as iron, zinc, lead, and tin are 
as important as their metallurgical uses. A brief study of 
such materials as paints and inks, and such processes as 
dyeing, blueprinting, photography, and chemical analysis 
will make it clear why this is so. 

348. Dyes and dyeing. From early times, colored fabrics 
have been highly prized and used for all sorts of purposes. 
Among the qualities which a good dye should have, that of 
dyeing fast is most important. This means that the dye should 
remain fixed in the cloth when it is laundered and that it 
should not fade readily. Some dyes and some kinds of cloth 
are better suited than others to achieve these results. Direct 
dyes are those which can be used directly to form insoluble 
colored compounds in the cloth. Indirect dyes require the use 
of some additional substance as an aid to the formation of the 
colored precipitate in the cloth. In general, silk and wool 
can be given a fast color simply by treating them with a solu- 
tion of the dye. The dyeing of cotton, however, requires a 
different treatment if a fast color is desired. Certain com- 
pmmds of the metals are used in connection with indirect dyes 
and in the dyeing of cotton fabrics. 
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349. Mordants and lakes. Aluminum hydroxide is often 
used as an agent to fasten dyes to fabrics. The cloth is first 
soaked in a solution of an aluminum salt and is then treated 
with a weak solution of a base or with steam. Either process 
produces a precipitate of colloidal aluminum hydroxide in the 
meshes of the fabric: 

(1) A 1 (C 2 H 302)3 + 3 Na(OH) A1(0H)3 J, + 3 NaCGaHsGa) 

(2) AlCl3 + 3HOH-»Al(OH)3>H-3HCl 

When the cloth is then steeped in the dye, a colored precipitate 
is produced by the reaction of the dye and the gelatinous alumi- 
num hydroxide, and this is firmly fastened in the fibers. Com- 
pounds which fasten dye to cloth or fabrics are known as 
mordants. Aluminum hydroxide is just one example of a 
mordant; compounds of tin, iron, chromium, and other metals 
are also used for the same purpose. The same dye often gives 
different colors with different mordants. If the mordant is pre- 
cipitated in a solution of the dye, instead of in the meshes of 
the fabric, the colored precipitate can be obtained separately. 
Such precipitates are called lakes, and they are sometimes used 
as paint pigments. 

350. The manufacture of paints. (1) Constituents of 
paints. All paints consist essentially of two parts: the liquid 
portion and the solid portion. Thus, paints closely resemble 
colloidal suspensions in which the coloring matter, called the 
pigment, is dispersed in an oil medium, called the vehicle. 
Thinners, such as turpentine or similar liquids, are usually 
added to paints to make them easier to apply, after which they 
quickly evaporate. Most paints also contain some material, 
such as ground asbestos, talc, gypsum, or kaolin, to give 
strength and toughness to the resulting fflm; these are called 
reinforcing agents. 

Among the oils used as paint vehicles, linseed oil has long 
been the favorite. Today, however, soybean oil, sardine oil, 
sunflower seed oil, and tung oil are being increasingly used. 
The last-named oil is imported from China, but attempts are 
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being made here to cultivate tung trees in some Southern states. 
These oils are so prepared that when paints containing them 
are applied, the oil gels and absorbs oxygen to produce a film 
which is hard, tough, elastic, and resistant to moisture. 
Driers may be added to paints to hasten the drying and oxida- 
tion process by catalytic action. Oxides, hydroxides, and salts 

of manganese, cobalt, and 

^ ns 300^^.c. hdodern methods 

Courtesy Natioual Lead Company r t r i - ■* i ^ 

a . , , ^ or buckles, which are loosely 
Fig. 298. A crock filled with lead i j • ^ 

buckles. It is in these crocks Stacked m earthenware 
that the chemical reactions take crocks of special design, 
place which result in the forma- rri. ^ ° , 

tion of white lead. rhe lower part of each 

crock is a narrow compart- 
ment which is filled with acetic acid. Where the crock widens, 
the ledge formed supports the lead buckles above the acid. 
After being so filled, the crocks are stacked in tiers in a 
special room. Each row of crocks is covered with a layer of 
tanbark, and they are allowed to remain in this condition for 
about three months. During this time, the tanbark slowly 
ferments. Carbon dioxide is evolved, and sufficient heat is 
liberated to vaporize the acetic acid. Chemical reactions be- 


METALLURGY AND CHEMISTRY 


S75 


the object of speeding up the formation of the basic lead 
carbonate, but the old Dutch process is still the most widely 
used today. 

Zinc oxide is a valuable paint pigment made by the direct 
oxidation of zinc: 

2 Zn “1“ O 2 — ^ 2 ZnO 

Lead paints tend to darken on exposure, because of the chemi- 
cal action of atmospheric hydrogen sulfide which causes the 



Courtesy The Sherwin-Williams Co, 


Pig. 299. These mills grind the paint ingredi- 
ents into particles of colloidal size. 

formation of black lead sulfide. Zinc sulfide is "white. For this 
reason, and also because they are not poisonous, zinc paints 
have distinct advantages over white lead paints. In actual 
practice, zinc oxide and white lead are generally used in mixed 
proportions which retain most of the advantages of each and 
at the same time avoid many of their disadvantages. 

Sublimed white lead is made by heating galena, PbS. The 
resulting product is a white material consisting principally of 
basic lead sulfate, PbO-PbSO^. If the galena contains much 
zinc sulfide, the resulting pigment is a mixture of lead sulfate 
and zinc oxide. Such pigments are also made by mixing these 
two chemicals in varsdng proportions, and they are known as 
leaded zinc pigments. 
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Lithopone IS a favorite white pigment made by chemical ac- 
tion between zinc sulfate and barium sulfide: 

Zn(S 04 ) -f- BaS Ba(S 04 ) i + ZnS i 





Courtesy The Suer win- Wiiliaios Co, 

Fig. 300. Enamel coming through grind- 
ing roller mill. 


As shown in the equation, both products of this reaction are 
insoluble, and both are white. Lithopone finds extensive appli- 
cations in the mak- 
ing of interior wall 
paints, white leather, 
window-shade cloth, 
and cosmetics. It is 
also used as a filler 
in textiles; as a pig- 
ment and filler in 
rubber; and as a pig- 
ment in making li- 
noleum and oilcloth. 
Paints containing 
lithopone are used 
chiefly for inside 
work, although mod- 
ern lithopone is also 
suitable for outdoor 
application. 

Titanium com- 
pounds constitute 
some of the best all- 
roimd white paint 
pigments. One com- 
. . , ^ pound used is titan- 

tum oocide, TiOa. Paints containing this pigment are very 
white and durable, and have excellent covering capacity. 

Colored ^gments are made by the use of colored pigments 
alone, or mixed with the correct amounts of various white pig- 
ments to produce the desired color. Used for this purpose are 
oxides of iron and lead and certain sulfides, chromates, and 
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Other characteristically colored salts of metals. Table 32 
gives a list of some colored pigments, together with their names 
and chemical composition. Various mixtures of these and 
other colored pigments, including lakes, are used to produce 
desired shades of color in paints. 

TABLE 32 


Colored Paint Pigments 


Color 

Name 

Chemical Composition- 
OF Pigment Substance' 


Red lead 

Red ocher, Indian 


Red ; 

red, Venetian red 



Vermilion 

HgS 


Chrome red 

PbCrO^'PbO 


Litharge 

PbO 

Yellow 

Chrome yellow 

PbCrG^ 

Yellow ocher 

Fe, 03 -H ,,0 


Orpiment 



Chrome ocher 

CrA 

Green 

Verdigris 

CuO-2 CuCC^HjOPj 


Scheele’s green 

CuHAsOj 

Blue 

Prussian blue 

Fe^(Fe(CN),)3 

Ultramarine 

Complex silicate 

Black 

Graphite 

c 

Lampblack 

c 


Burnt sienna 

Various natural clays 

Brown: •■■■' 

Raw umber 

containing oxides of 


Burnt umber 

iron 


351. Other paint-like preparations. (1) Lacquers. The 
constituents of modern lacquers are: (a) pyroxylin dissolved 







Cour-tesy Fiigidaire 

Fig. 301. Spraying lacquer on refrigerator 
cabinet. 
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in a suitable solvent, the purpose of which is to provide the 
lacquer film upon evaporation of the solvent; (b) either a 
natural or a synthetic resin dissolved in a volatile solvent and 
added to enhance the gloss and improve the adhesion of the 

pyroxylin film; /c') 


a suitable pigment 
to provide the de- 
sired color and cov- 
ering capacity, and 
to make the film 
durable and opaque 
to light; and (d) a 
plasticizer, which is 
a high-boiling poin<- 
liquid added to in- 
crease the flexibility 
of the film. Lac- 
quers are suitable 
for application to 
both metal and wood, 
and they give a dur- 
able, attractive finish 
which resists weath- 
ering very well. Be- 
cause they dry so 
quickly, due to the 
rapid evaporation of 
the various solvents 
• , they contain, lac- 

quers are usually applied by spray guns (Fig. 301). 

_ (2) Varnishes. Varnishes closely approach being true solu- 
tions. They are composed of certain resins dissolved in a suit- 
able thinner, and they also contain drying oils. The chief 
difference between paints and varnishes is that the latter con- 
tmn a gum-like^ material instead of a pigment. Tung oil is 
the favorite drying oil for use in the manufacture of varnishes. 
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and various natural and synthetic resins are also used. Rosin 
is the chief ingredient of cheaper grades of varnish; it is ob- 
tained as a residue in the distillation of turpentine. Most of 
the better grades of varnish made today, however, contain syn- 
thetic resins manufactured on a large scale by chemical pro- 
cesses. When varnishes are applied, the thinner evaporates 
and leaves a gum-like coating of the resin and drying oil. The 
oil oxidizes, as in paints, and assists the resin in forming the 
protective coating. Driers are usually added during the manu- 
facture of varnish to speed up the oxidation of the oil. Shellac 
is a varnish-like solution of a natural gum in methyl alcohol. 

352. The manufacture of inks. When civilization devel- 
oped to the point where man wished to make records of events 
and ideas, materials more convenient to use than clay tablets 
and stone carvings became a necessity. The papyrus scroll was 
developed as the basis for such records, and the preparation of 
writing fluids naturally followed. One of the earliest writing 
materials was soot, a form of carbon, mixed with clay, water, 
glue, and some preservative. Printer’s ink and India ink are 
similar in composition, owing their color and permanence to 
finely divided carbon. Colored inks were prepared from oxides 
of iron and various other colored minerals. The modern manu- 
facture of inks involves some of the same principles and ma- 
terials of the ancients. 

Blue-black writing ink h, made from tannic acid and gallic 
acid, ferrous sulfate, dilute hydrochloric acid, carbolic acid, 
a suitable blue dye, gum arable, and water. Ferrous tannate 
and ferrous gallate are soluble compounds which form a color- 
less solution in water. When exposed to the air, these com- 
pounds are oxidized to ferric tannate and ferric gallate respec- 
tively. These compounds are black in color and insoluble in 
water; they constitute the permanent black color of such ink 
when used. The blue dye is added to the ink to give it a tempo- 
rary color prior to oxidation. Hydrochloric acid assists in 
keeping the iron in solution, and the gum arable is a protec- 
tive colloid. As the stopper is removed from the bottle of ink 
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during its use, air enters and oxidation produces a precipitate 
of ferric salts. The gum arabic retards this process and holds 
in colloidal suspension any ferric tannate or ferric gallate 
formed. Carbolic acid is a preservative added to keep the ink 
from spoiling. The important compounds in such ink are salts 
of iron, and the behavior of the ink when used is an oxidation 
process. 

353. Blueprinting. The process of making blueprints con- 
sists essentially of the following steps: (1) preparing an India 
ink copy of the drawing on translucent tracing cloth; (2) 
putting the tracing on a piece of sensitive blueprint paper and 
exposing it to the action of light from the sun or a mercury 
vapor lamp; and (3) developing the exposed print. The chem- 
istry involved is associated with the preparation of the blue- 
print paper, and with the last two steps just given. It is simi- 
lar to the chemical explanation of blue-black writing ink, since 
the chemical behavior of certain ferrous and ferric compounds 
is fundamental. In the case of blueprinting, however, the 
formation of the blue color is due to the reduction of ferric 
compounds through the energy of light. 

The sensitive blueprint paper is made by soaking a suitable 
grade of paper in a solution containing potassium ferricyanide 
and ferric ammonium citrate. It must be dried and kept in a 
dark place. When exposed to ultraviolet rays, the sensitive 
paper turns to a brownish color wherever the light penetrates 
the tracing cloth. This indicates that the ferric ammonium 
citrate has been reduced to a ferrous salt. Upon immersing 
the exposed paper in water, a chemical reaction takes place 
by which the ferrous salt reacts with the potassium ferricya- 
nide to form ferrous ferricyanide, Fe 3 (Fe(CN) 8 ) 2 - This is an 
insoluble blue salt known as TurnbulVs blue. The unaffected 
ferric salts are washed away by the water, in which they are 
soluble. This produces the drawing as white lines on a blue 
background. White lettering can be put on blueprints by the 
use of sodium hydroxide solution; this base decolorizes the 
blue ferrous ferricyanide. 
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354. Photography. Fundamentally, photography is pos- 
sible because certain chemical compounds are sensitive to light 
and undergo chemical change when exposed to this form of 
energy. Various salts of silver are used as the sensitive portion 
of photographic materials, and the chemistry involved falls 
naturally into two divisions; (1) the production of the nega- 
tive; and (2) the making of the fixthhed print, or positive. 

(1) Preparing the negative. The sensitive film is made by 
coating a cellulose-nitrate or cellulose-acetate strip with an 
emulsion consisting essentially of colloidal silver bromide sus- 
pended in gelatin. After being allowed to dry, the film is prop- 
erly wrapped in opaque paper and is ready for use. When it 
is put into a camera and the reflected light from the object to 
be photographed is focused upon it, the silver salt is affected 
in such a way that an invisible picture of the object is pro- 
duced upon the film. This is called a latent image, for it can 
be made visible by developing. 

When the exposed film is treated with a solution of a suit- 
able reducing agent, called the developer, a chemical change 
results which produces colloidal silver, probably as in the 
simple equation: 

2 AgBr — ?• 2 Ag -|- Bra 

All of the silver salt could be reduced in this manner, but those 
portions affected by light respond more quickly; furthermore, 
they respond in proportion to the intensity of the light and 
duration of exposure. This explains why the film is kept in the 
developer just long enough to produce an image of desired in- 
tensity in order to 3.vo\d over-development. Tht unaffected 
silver salt is removed by immersing the film in a solution of 
sodium thiosulfate, or hypo. This is called fixing. 

(2) Preparing the print. The finished picture is made by 
superimposing the negative on a piece of sensitive paper, ex- 
posing it to light for a suitable length of time, and then develop- 
ing. The paper is prepared in a similar manner to the making 
of the sensitive film; the sensitive material, however, may be 




Chemical Processes in the 
Manufacture of Photographic 
Film, and Some Applications 


COTTON LtNTERS 




Courtesy Eastman Kodak Company 


Fig. 302, Making photographic film. From the raw materials to 
the finished product. 
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silver bromide, silver chloride, or a mixture of both. During 
exposure, the dark areas of the negative retard the passage of 
the light, and therefore the sensitive silver salts beneath re- 
ceive little or no light energy. During the development and 
fixing processes, the unaffected silver salts are washed away 
and the rest are reduced to metallic silver. By this process, 
the light and dark areas on the negative are reversed, and the 



Coiirtesy Eastman Kodak Company 

Fig. 303. Chemical stages in the making of photographs. 


finished picture corresponds to the object photographed; hence 
the term (Fig. 304). 

(3) Other processes in photography. Various other treat- 
ments may be applied to both the negative and the positive 
print. If a negative is too dark, it indicates either over-expo- 
sure or over-development. Thh condition is remedied by 
chemically converting some of the metallic silver into a soluble 
salt and washing it away. If the negative is under-exposed or 
under-developed, it can be intensified by causing certain other 
metals to deposit on the film. 

Prints can be given a brownish color by treating them so 
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as to convert the silver into silver sulfide, thus producing a 
finish. Toning is accomplished by immersing the print 
in solutions of salts of certain metals, like gold and platinum. 
Some of the silver goes into solution and precipitates an equiva- 
lent amount of the other metal on the print. When gold salts 
are used, a reddish-brown color is produced; platinum salts 
give rise to a steel-gray tone. ■ 

355. Chemical analysis. The value of being able to detect 
the presence of chemical substances in foods, medicines, and 


Fig. 304. Negative and positive images. Note that the lights and 
shadows are reversed in the positive. 

various commercial products is so obvious it need not be dis- 
cussed at any great length. The whole science of chemistry 
is based upon the knowledge of the composition of materials; 
such knowledge is acquired by means of various methods of 
chemical analysis. It is not our purpose to go into details of 
procedures for detecting various chemical elements, but rather 
to show how the chemist goes about such a task, and to sug- 
gest sonie of the divisions of chemical analysis. All methods 
of identifying substances are based upon the chemical prop- 
erties and reactions of the compound or element. If only the 
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presence of a given substance is determined, the analysis is 
qualitative ; the precise amount present is determined by quan- 
titative analysis. 

The explanations already given on how to test for the vari- 
ous acid radicals suggest something of the nature of analytical 
work. The term “acid radical” refers to such negative ions as 
chloride, sulfate, and nitrate, and the brown ring test for a 
nitrate illustrates how they can be detected by the application 
of appropriate tests. Reliable means of detecting the various 
negative ions have been devised, and some of the more common 
ones are described in this book in the units dealing with the 



Fig. 305. The spectroscope is one of our most important instru** 
ments used in the study of light. By means of it a light from any 
source may be analyzed accurately. The simple form consists of a 
collimator tube C, a dispersing prism P, a telescope T, and a mirror 
tube with a transparent scale S at its outer end. 

non-metals: sulfur, carbon, the halogens, and the members of 
the nitrogen family. 

356. Analysis for the metals. Several methods are avail- 
able for detecting the different metals when they are in the 
form of various chemical combinations. For our purpose, a 
description of three such schemes will be sufficient. 

(1) Flame tests and the spectroscope. When a clean plati- 
num wire is dipped into potassium chloride, or a concentrated 
solution of it, and is then held in the colorless flame of a Bun- 
sen burner, a characteristic pale violet flame is produced. This 




Brown Brothers 


constitutes the flame test for potassium. A number of other 
metals can be identified in similar fashion. Salts of sodium 
impart a bright yellow color to the flame; strontium gives a 
deep crimson flame; and the barium flame is a pale apple-green. 

Such tests have their limita- 
tions, however, chiefly in two 
respects: (1) the materials 
tested must be volatile at the 
temperature of the flame 
used, and (2) the presence of 
more than one metal compli- 
cates the analysis because the 
different colors often inter- 
fere with each other and 
make it difficult, if not im- 
possible, to recognize the in- 
dividual metals. 

More precise methods of 
flame testing involve the use 
of the instrument called the 
spectroscope (Fig. 305). It 
was devised by the German 
chemists Bunsen (Fig. 306) 
and Kirchoff, and is used for 
observing the spectrum of an 
element. When an incandes- 
cent solid, such as a glowing 
carbon electrode, is viewed 
through the spectroscope, a 
continuous spectrum is seen; but when the spectroscope is di- 
rected at the flame produced by a vaporized metal, or its salts, 
a bright line spectrum is seen. Each element has its own 
characteristic bright line spectrum; that is, no two elements 
give the same spectrum. It is therefore possible to detect 
very small amounts of an element by spectrum analysis even 
though others are also present in the same material. The spec- 


Fig. 306, Robert Wilhelm Bun- 
sen (1811-1899). A German chem- 
ist and professor of chemistry at 
the University of Heidelberg, 
Bunsen helped to devise a method 
of spectrum analysis which he 
used to discover the elements ru- 
bidium and cesium; but his name 
is more commonly associated with 
the Bunsen burner. He has many 
practical and scientific achieve- 
ments to his credit. 
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troscope also made possible the discovery of several elements. 
When new spectral lines, or a new spectrum, are discovered 
which do not correspond to those of any known element, a new 
element is indicated. Cesium, rubidium, and helium are ex- 
amples of elements discovered by this method. 

(2) Bead tests. When certain metallic compounds are 
heated in contact with fused borax, metaborates of the metals 



Fig. 308. Students engaged in a group experiment with the spectro- 
scope. 


are formed. Each of these has a characteristic color by means 
of which the metal is identified. To apply a bead test, a plati- 
num wire loop is formed; it is dipped while hot into borax, 
which is then heated until a clear, glassy bead is formed. The 
hot bead is touched to a small amount of the substance to be 
tested and is reheated until a clear bead is again formed. The 
color produced when the bead cools indicates the metal present. 
Cobalt forms a deep blue color; chromium gives a green bead; 
and manganese causes a violet color. Iron varies from yellow 
to green, and nickel forms a bead which is brownish to black. 
Sodium carbonate and microcosmic salt (sodium ammonium 
hydrogen phosphate, NaNH 4 HP 04 ) are also used in making 
bead tests. Bead tests are unreliable if more than one metal is 
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present, because the different colors interfere with each other. 

(3) Group analysis j or the metals. In the usual scheme of 
qualitative analysis for the metals, they are classed in five 
groups and each group is separated by the use of suitable re- 
agents. The individual members of each group are then tested 
for by appropriate reagents which cause some characteristic 
reactions, such as the formation of a precipitate, the production 
of a distinctively colored solution, and so on. A brief study 
of the scheme of analysis for group I will illustrate the general 
methods of group analysis. 

If hydrochloric acid is added to a solution containing ions 
of all of the metals, only the chlorides of silver, lead, and 
mercurous mercury will be precipitated, because all other chlor- 
ides are soluble; 


Pb++-+-2a--^PbCl2| 
Ag+-f Cl--^AgCU 
Hg+ + Cl--»HgCU 


White 

mixture 


These three metals constitute group I. If no precipitate is 
obtained when hydrochloric acid is added to the original solu- 
tion, the absence of this group is indicated. If a precipitate 
is obtained, the mixture is filtered; the residue contains the 
group I metals in the form of chlorides, and the filtrate con- 
tains the metals of groups II to. V. 

Lead is separated by treating the residue with boiling water 
and then by filtering. Since the other two chlorides are in- 
soluble, even in hot water, they remain on the filter paper; 
the lead chloride will be in solution in the filtrate. Confirma- 
tory tests for lead consist of dividing the filtrate into two por- 
tions, adding sulfuric acid to the first, and adding potassium 
chromate solution to the second. A white precipitate of lead 
sulfate, and a yellow precipitate of lead chromate, prove the 
presence of lead: 

PbCla -f H2(S04) Pb(S04) 4, -f 2 HCI 

White 

PbCIa -f K2(Cr04) Pb(Cr04) i -f 2 KCl 
Yellow 



METALLURGY AND CHEMISTRY 589 

The residue, consisting of silver chloride and mercurous 
chloride, is treated by pouring ammonium hydroxide over it 
and collecting the filtrate. Silver chloride is soluble in NH 4 OH 
and can be tested for in the filtrate: 

AgCl + 2(NH4) (OH) Ag(NHs)2Cl + 2 HOH 

If a white precipitate is formed when the filtrate is acidified 
with nitric acid, silver is proved to be present: 

Ag(NH3)2Cl + 2 H(N03) AgCU + 2 NH4NO3 

White 

The presence oi mercury is indicated if the residue turns 
black when the ammonium hydroxide is poured over it. This 
is due to a rather complex chemical reaction: 

2 HgCl + 2 (NH4) (OH) -» (NHaHgCl-Hg) | + (NH4)a + 2 HOH 

Black 

The metals of the other groups are tested for in a similar 
fashion. Hydrogen sulfide is one of the most important re- 
agents used in affecting the separation of groups II and III. 
The reasons why this is possible may be inferred by reviewing 
Section 161. Group IV is separated by means of suitable re- 
agents, and group V remains as a final filtrate containing the 
metals whose salts are all soluble; namely, sodium, potassium, 
and ammonium. Flame tests are applied for sodium and po- 
tassium, and the test for the ammonium radical is given in 
Section 233. 


Problem Summary Exercises that Everyone Should Do 

1. Define a mordant and explain the reasons for the use of mor- 
dants in dyeing. 

2. Name several constituents of paints, and tell the purpose of 
each. 

3. Describe the manufacture of white lead by the old Dutch 
process. 
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4. Tell briefly how each of the following white paint pigments is 
prepared: (a) zinc oxide; (b) sublimed white lead; (c) lithopone; 
(d) titanium oxide. 

5. Compare paints and varnishes as to composition and uses. 

6. Describe the chemistry of ordinary blue-black writing ink. 

7. Tell step by step how a blueprint is made, and explain the 
chemistry involved. 

8. State the basic principles involved in preparing photographic 
film; in preparing a negative; in preparing a print. 

9. Give the names and formulas of compounds used as sensitive 
materials in making photographic film and printing paper. 

10. Tell what is meant by chemical analysis, and distinguish be- 
tween qualitative and quantitative analysis. 

11. What is a flame test? What are the characteristic flame 
colors of some of the metals? 

12. How is a borax bead test made? Name five metals tested for 
in this manner, and tell the colors of their beads. 

13. What are the general principles of group analysis for the 
metals? 

14. How is group I separated? What chemical properties of the 
metals in this group make this possible? 

15. Describe the test for (a) a sulfate; (b) a nitrate; (c) a 
chloride; (d) an iodide; (e) a sulfide; (f) the ammonium radical. 

16. Complete and balance the following equations, and tell how 
each applies to the analysis of group I. 

(a) Pb(N03)2 + HCl (d) Hg(N03) + HCl 

(b) PbCl2 + K2(S04) (e) Ag(N03) + HCl-^ 

(c) PbCl2 + H2(S04)--> (f) Ag(NH3)2Cl-fH(N03)-» 

III. OPTIONAL MATERIAL FOR THE UNIT 

ADDITIONAL PROBLEM SUMMARY EXERCISES 

1. Write a series of equations to illustrate the chemical reactions 
which take place when metals are extracted from oxides; from sul- 
fides; and from carbonates^ 
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2. Write the equations to represent the reactions in the forma- 
tion of slag. 

3. Make a table in which you compare the Bessemer converter 
with the open hearth furnacCj mentioning the following details: (a) 
construction of the furnace; (b) charge; (c) length of time required 
for completion of the action; (d) ability to control the action; (e) 
quality of steel produced. 

4. Describe the characteristic properties of the following metals, 
and show that these properties determine the uses of each: copper; 
aluminum; zinc; silver; chromium; tin; lead. 

5. Explain in terms of the Activity Series why metals above hy- 
drogen are not found free in nature; why aluminum, magnesium, 
and the alkali metals are extracted by electrolysis; why nickel, tin, 
zinc, and chromium are used to protect other metals from corrosion. 

6. Tell what is meant by a ^^self-protective’^ metal, and name 
three. 

7. How does the crystalline structure of metals and alloys ac- 
count for their physical and mechanical properties? Distinguish be- 
tween cleavage and slippage. 

8. Prepare a table giving the advantages and disadvantages of 
each of the following methods of preventing corrosion: (a) paints; 
(b) enamels; (c) galvanizing; (d) tinning; (e) electroplating; (f) 
chemical coatings. 

9. Give the electrochemical explanation for the rusting of iron 
when exposed to oxygen and moisture. 

10. Give the electrochemical explanation for the corrosion of iron 
which has been coated with zinc; which has been coated with tin. 

EXERCISES IN CHEMICAL ARITHMETIC 

1. Calculate the percentage composition of the following ores: 
galena; hematite; sphalerite; chalcopyrite. 

2. How many pounds of zinc could be prepared from one ton of 
sphalerite which contains 8% gangue? 

3. What weight of aluminum would be required to liberate the 
chromium in 250 pounds of Cr 203 ? How much chromium would be 
obtained? 
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4. Calculate the weight of zinc chloride that would be formed by 
treating 32.5 g. of zinc with hydrochloric acid. What weight of 
hydrogen would be obtained? What volume? 

5. What weight of lead could be prepared from 750 pounds of 
galena? 

6. What volume of carbon monoxide would be needed to reduce 
300 g. of ferric oxide? What weight of iron would be obtained? 
What weight of carbon dioxide would be formed? What volume? 

7. How much aluminum would be required to reduce 10 pounds 
of ferric oxide by the thermit process? 

8. What volume of oxygen will be consumed in burning 60 g. 
of magnesium? 

9. How much zinc would be needed to prepare 160 pounds of 
zinc oxide? 

10. What weight each of silver nitrate and sodium iodide must be 
used to prepare three kilograms of silver iodide? 


TOPICS FOR INVESTIGATION AND REPORTS 


1. The Production and Uses of the Less Common Metals 

2. Primitive Methods of Extracting the Metals 

3. The Invention of the Bessemer Converter 

4. Extent of the Modern Steel Industry 

5. The Story of Charles Martin Hall 

6. Applications of Thermit Welding 

7. Modern Uses of Alloy Steels 

8. Light-Weight Alloys and Their Uses 

9. Commercial Electroplating 

10. The Story of Dyes and Dyeing 

11. The Story of Paints 


12. The Story of Ink 

13. The Chemistry of Photographic Processes 

14. Schemes of Chemical Analysis 

15. How Mirrors are Silvered 



METALLURGY AND CHEMISTRY 


593 


, I¥.: UNIT RECITATION AND TEST 

' ;T0PICS FOR ORAL OR WRITTEN, RECITATION 

1. General Chemical and Physical Properties of Metals 

2. The Occurrence of Metals in Minerals and Ores 

3. Mechanical Treatment of Ores by Flotation and Gravity 
Separation 

4. General Methods of Chemically Treating Ores to Liberate 
the Metal 

5. The Production of Pig Iron by the Blast Furnace 

6 . Composition, Properties, and Uses of Pig Iron 

7. The Manufacture of Steel 

8. Composition, Properties, and Uses of Steel 

9. Heat Treatment of Steel 

10. The Production and Uses of Copper 

11. Aluminum and Magnesium: Two Light-Weight Metals 

12. Zinc, Tin, Nickel, and Chromium: Four Coating Metals 

13. Production and Uses of Lead 

14. Mercury: The Liquid Metal 

15. Production and Uses of the Precious Metals 

16. The Nature and Importance of Alloys 

17. The Classification of Alloys 

18. Characteristics and Uses of Alloys 

19. Nature and Causes of Corrosion 

20. The Electrochemical Theory of Corrosion 
'21. Prevention of Corrosion 

22. Relation of Metallic Compounds to Dyeing 

23. Metallic Compounds Used in the Manufacture of Paints 

24. Compounds of Iron Used in Inks and Blueprinting 

25. Silver Salts Used in Photography 

26. Chemical Analysis 




Courtesy Tennessee Eastman Corporation 


As shown here, plastics materials are available in a wide variety of 
forms. They are supplied in granular, block, and sheet forms; in 
plain and variegated colors ; and in all degrees of transparency from 
crystal clear to opaque. 


UNIT ELEVEN 

ORGANIC CHEMISTRY 


I. THE UNIT ASSIGNMENT 

Defining the unit. Organic chemistry is the chemistry of 
carbon compounds. Many compounds which have their origin 
in plant or animal life contain carbon as a part of their compo- 
sition. These compounds were at one time called organic com- 
pounds because it was believed that a “vital force” or a “life 
process” was necessary for their preparation. In 1828, how- 
ever, the German chemist Wohler (Fig. 309) prepared by syn- 
thesis an organic compound called urea, thereby proving that 
living processes were not necessary to the formation of carbon 
compounds. From that time on, many other carbon com- 
pounds which had previously been obtained only from plants 
and animals were made in the laboratory. The original mean- 
ing of the term “organic chemistry” no longer holds, but it is 
generally understood to apply to the compounds of carbon. 

Carbon has been described as the central element of the 
organic kingdom. It is closely related to life and energy. It 
is not only present in the food we eat, but in free or com- 
bined form is the source of most of the fuel that is used in our 
homes and in our industries. Moreover, chemical industries 
dealing with carbon compounds are among the most extensive 
and important in our national life. The refining of petroleum 
and the manufacture of industrial alcohols, artificial silk, 
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paper, bakelite, dyes, drugs, and plastic materials are some ex- 
amples which illustrate the extent of organic chemical industry. 
Many of the metallurgical industries depend upon the reducing 



action of carbon, and all in- 
dustries depend upon lubri- 
cants consisting of carbon 
compounds to keep their 
machinery in motion. 

In comparison with other 
elements, carbon is notable 
for the enormous number of 
its compounds. More than 
300,000 carbon compounds 
are known. This is due in 
large measure to the fact 
that carbon atoms share 
electrons with each other. 
An unusual feature of car- 
bon compounds is that many 
of them contain the same 
elements in the same propor- 
tions by weight, but possess 
different properties. In spite 
of the large number of car- 
bon compounds and the com- 
plexity of their structures. 


their study is simplified by the chemist’s ability to arrange them 
in large groups or classes of closely related members. Such 
classifications are based largely upon molecular structure, a 
knowledge of which is fundamental to the understanding of the 
properties of carbon compounds. 

The field of organic chemistry is vast, and its treatment here 
must, of necessity, be rather limited. The facts and ideas 
presented should, however, give us some appreciation not only 
of the importance of carbon and its compounds but of the 
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methods by means of which such a broad field has been or- 
ganized, systematized, and classified for convenience of study. 


UNIT PROBLEMS TO BE SOLVED 

PROBLEM 1: WHAT ARE THE CHARACTERISTIC PROP- 
ERTIES AND USES OF CARBON AND ITS 
OXIDES? 

PROBLEM 2: HOW ARE THE COMMON NATURAL AND 
ARTIFICIAL FUELS OBTAINED AND USED? 

PROBLEM 3; HOW ARE THE PROPERTIES OF HYDRO- 
CARBON COMPOUNDS EXPLAINED BY 
THEIR MOLECULAR STRUCTURES? 

PROBLEM 4; HOW CAN WE APPLY THE IDEA OF MO- 
LECULAR STRUCTURE TO EXPLAIN THE 
CLASSIFICATION AND PROPERTIES OF 
HYDROCARBON DERIVATIVES? 

PROBLEM S; HOW MAY WE CLASSIFY THOSE CARBON 
COMPOUNDS WHICH PROVIDE FOOD AND 
CLOTHING, AND WHAT ARE SOME OF 
THEIR CHARACTERISTICS? 
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IL ASSIMILATIVE MATERIAL FOR THE UNIT 

PROBLEM 1: WHAT ARE THE CHARACTERISTIC 

PROPERTIES AND USES OF CARBON AND ITS OXIDES? 

Problem Assignment. Our study of how certain 
metals are extracted has given us some acquaintance with 
carbon. We have seen how essential this element is in in- 
dustry where it is employed on a large scale as a reducing 
agent. Because carbon exists in several allotropic forms 
with rather diverse properties, it has wide and varying ap- 
plications. The use of carbon in the form of coal for fuel, 
in the form of graphite for lead pencils, and as diamonds 
for adornment are illustrations of its diversified applica- 
tions. The purpose of this problem is to present a detailed 
description of the characteristics of carbon and also to 
study its two oxides. 

357. Occurrence and allotropic forms of carbon. Car- 
bon occurs in great abundance in both the free and the com- 
bined forms. Diamonds, graphite, and coal represent the 
natural uncombined varieties. Carbon is an essential con- 
stituent of all living organisms, and its compounds exist in great 
numbers. Such names as hydrocarbons, carbohydrates, and 
carbonates suggest the presence of carbon in these compounds. 
We have already observed the presence of carbon dioxide in 
the air. 

The various forms of carbon may be classified as (1) crys- 
talline and (2) amorphous. The diamond and graphite are in- 
cluded under the first classification. Amorphous carbon em- 
braces such varieties as charcoal, coke, boneblack, lampblack, 
and gas carbon. The fact that each kind of carbon forms car- 
bon dioxide when burned in the air is one proof that they are 
allotropes of each other. All are chemically inactive at ordi- 
nary temperatures. With the exception of the diamond, all 
forms of carbon are black or grayish-black. They are odorless. 
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tastelesS; and insoluble in water and in ordinary solvents. Car- 
bon does not melt but it vaporizes when subjected to the in- 
tense heat of an electric furnace. 

358. The diamond. Because of their value as gems, dia- 
monds have always been highly prized and greatly desired 



Fig, 310. Some famous diamonds. 1, Regent, 13654 
carats; 2, Kohinoor, 125 carats; 3, Piggot, 82 car- 
ats; 4, Eugenie, 51 carats; 5, Kassali, 7854 carats; 
6, Saney, 53 carats; 7, Orloff, 194^4 carats; 8, Great 
Mogul, 297 carats; 9, Shah, 95 carats. 


(Fig. 310). The history of certain very large diamonds is 
filled with thrilling human episodes. Generally speaking, the 
colorless specimens are the most valuable, but there are some 
exceptions as in the case of the famous Hope diamond which 
is tinted blue. Although diamonds are crystalline in structure, 
as found in nature they are covered with a bluish, hard, opaque 
substance. This is trimmed off and the diamonds are cut in 
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facets by skilled diamond cutters in order to bring out their 
familiar brilliancy. 

The presence of impurities makes a large number of dia- 
monds undesirable as gems. Those found in Brazil and Arkan- 


sas are quite black. This is by no means an economic loss, for 
such diamonds have important industrial applications (Fig. 
311). The diamond is the hardest substance known. Because 
of this property diamonds are used for drill points, grinding, 
polishing, and engraving. They are also used for bearings in 
watches and in precision electrical measuring apparatus. Most 
of the world’s supply of diamonds comes from South Africa, 
India, and Brazil. 

Many attempts have been made to prepare diamonds arti- 


Fig. 311. This marble block is being cut into desired shape with a 
saw having diamond teeth. 
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ficially. It is believed that natural diamonds have been formed 
by crystallization under great pressure and high temperature. 
Moissan tried to duplicate the forces of nature by dissolving 
sugar carbon in molten iron and then suddenly plunging it into 
cold water. In this manner the heated carbon was subjected 
to great pressure by the sudden contraction of the iron. Dia- 
monds were indeed formed but they were too small to have any 
commercial value. 

359. Graphite. Graphite is a soft, gray-black, shiny sub- 
stance which feels greasy to the touch. Differing from the dia- 


•CARBON CORE 



Fig. 312 . Graphite furnace. 


mond, graphite is an excellent conductor of heat and electricity. 
The most important natural sources of graphite are Ceylon and 
Madagascar. It is also found to some extent in Siberia, Can- 
ada, and the United States. 

Preparation. When coal, or any other form of carbon, is 
heated in an electric furnace to a temperature of 3500° C., it 
vaporizes, and the vapor in condensing forms graphite (Fig. 
312). Graphite prepared in this manner is extremely uniform 
in composition, and is therefore superior to the natural product. 
This explains the principle upon which large quantities of 
graphite are made at Niagara Falls. The method was discov- 
ered by Acheson, an American chemist, and is a significant one 
because it is applied to the manufacture of the other high-tem- 
perature products, such as carborundum and calcium carbide 
(Fig. 313). 
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Uses. Graphite has the capacity for withstanding extremely 
high temperatures without melting. This property finds ap- 
plication in the making of graphite crucibles, in which steel 
and alloys of high melting points are prepared. Because of its 
greasy consistency and high melting point, graphite is used in 
lubricating certain machinery. It is also used in the manufac- 
ture of electrodes because it is a good conductor of electricity. 



Courtesy Acheson Graphite Corporation 


Fig. 313. An Acheson graphite furnace. 

“Lead” pencils are really graphite pencils. The degree of 
hardness of a lead pencil is controlled by the addition of 
smooth, fine clay. “Hard” pencils contain more clay than gra- 
phite. Some other uses of graphite are; as a thin film of con- 
ducting material over the wax impression in electroforming, as 
a gray-black paint for wood, and in the manufacture of stove 
polish. 

360. Charcoal. Charcoal is made from selected wood by 
destructive distillation (Fig. 315). During the process, certain 
volatile substances are evolved, which are condensed and then 
separated from each other. Among the products obtained in 
this way are methyl alcohol, acetic acid, and acetone, all of 
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which find many uses in industry. Charcoal is a black, brittle 
solid that is very porous. Although its average density is 1.5, 
it often floats on water because of its capacity of 
gases. By actual measurement, charcoal has been shown to 


adsorb as much as ninety 
times its own volume of am- 
monia gas. The adsorptive 
capacity of charcoal was 
used in gas masks as a pro- 
tection against noxious gases 
in the World War. It is 
similarly used as a protec- 
tion against dangerous gases 
in industry (Fig. 316). 

The adsorptive capacity 
of charcoal is greatly in- 
creased by activating it. 
This is done by heating it 
in a very limited volume of 
air. Experiments during the 
World War demonstrated 
that the charcoal obtained 
from such materials as coco- 
nut shells, nutshells, and the 
stones of peaches adsorbed 
about nine times as much 
gas as charcoal made from 
willow wood. Most of the 



Courtesy Acheson Graphite Corporation 


Fig. 314. Edward Goodrich Ache- 
son (1856-1931). An American 
chemist who was a pioneer in the 
development of the electric fur- 
nace for the manufacture of im- 
portant industrial products such 
as carborundum, siloxicon, and 
graphite. In addition to many 
other honors he was awarded the 
Perkin medal of the Society of 
Chemical Industry in 1910. 


uses of charcoal depend upon 

its adsorptive properties, although it is used to a considerable 
extent as a reducing agent: 


2CuO + C-»2 Gu + C 02 


361. Coke. When bituminous coal is subjected to destruc» 
tive distillation, the residue left in the retorts is coke. During 
the process many volatile products are evolved. Some of these 
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products include ammonia, illuminating gas, benzol, and coal 
tar. The latter substance is a mixture of ill-smelling, viscous 
liquids from which such valuable products as drugs, dyes, and 
explosives are derived. One ton of coal yields about 10,000 
cubic feet of illuminating gas, 20 gallons of ammonia liquor. 



Fig. 315. Making charcoal. Wood is heated 
in the absence of air in the compartment 
above the fire box. The volatile products 
enter pipe A and pass through the con- 
denser. Here valuable by-products, such as 
acetic acid, acetone, and methyl alcohol, are 
removed. The combustible gases which do 
not condense return through pipe B to the 
fire box at C where they are burned. 

120 pounds of coal tar, and 1400 pounds of coke. At one time 
in the history of coke-making, the volatile products were al- 
lowed to escape into the air (Fig. 318) but a recognition of 
their value caused a decided change in this practice (Fig. 319). 

Coke is a grayish-black substance, rather hard and brittle, 
and very porous. It bears the same relation to coal as charcoal 
does to wood; It burns with but little flame and no smoke, 
and because of its high heat value it is used extensively as a 
fuel. Because it is an excellent reducing agent it is used in 
the reduction of metals from their oxides. Production of coke 
in the United States for metallurgical purposes has reached as 
high as sixty million tons in one year. 
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362. Other forms of carbon. ( 1 ) Boneblack. Boneblack 
is often called animal charcoal. It is made by the destructive 
distillation of bones and other animal refuse. Boneblack con- 
tains considerable mineral matter, chiefly calcium phosphate 


Fig. 316. Rescue crew demonstrating the removal of an injured 
man from an experimental mine after an explosion. The men are 
wearing a special kind of gas mask as a protection against carbon 

monoxide. 


and calcium carbonate. These compounds can be dissolved by 
the addition of hydrochloric acid but for most purposes it is 
unnecessary to do this. Boneblack is also a very good adsorb- 
ent material. For this reason it finds extensive application 
in clarifying and decolorizing processes. Its effectiveness as a 
decolorizer can be demonstrated by filtering a deep blue indigo 
or litmus solution through boneblack. The filtrate will be 
colorless. Crude sugar solutions are filtered through bone- 
black to make them clear. 

(2) Lampblack. Lampblack is a very soft, finely divided 
form of carbon which is made by burning oil or gas in a limited 
supply of air. This causes dense clouds of smoke which con- 
dense on the cooled underside of a revolving disc from which 
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the lampblack is scraped off. Lampblack is a very pure form 
of carbon. It is used in the manufacture of rubber. In some 
manner, not well understood, the addition of lampblack to rub- 
ber makes the rubber much more resistant to wear. Other 
uses of lampblack are for the preparation of printer’s ink; 
for use as a pigment for paints and varnishes; and for shoe pol- 
ish, carbon paper, and India inks. 

(3) Gas carbon. Gas carbon is 
a by-product of the manufacture of 
coal gas. Tiny particles of carbon 
are deposited in the upper parts of 
the heated retort. These deposits 
are later scraped off and constitute 
the gas carbon. This form of car- 
bon is a good conductor of electric- 
ity and for that reason is used in 
the manufacture of electrodes such 
as are used in large electric arcs. 
It is also used in making the posi- 
tive electrodes of dry cells. 

Oxides OF Carbon 

363. Carbon dioxide. Carbon 
dioxide was first identified by Jo- 
seph Black in 1754. It was origi- 
nally called “fixed air” to- distin- 
guish it from ordinary air and its properties were studied by 
Priestley and Lavoisier. Lavoisier was the first to prove that 
carbon dioxide is a compound of carbon and oxygen. Since 
carbon dioxide is an important compound it will be discussed 
further here. 

(1) Occurrence. Carbon dioxide occurs in the atmosphere 
to the extent of about four parts in ten thousand. Although 
this represents only .04 percent, the atmosphere is so vast that 
it has been estimated to contain 2200 billion tons of carbon 
dioxide. The processes of animal respiration, combustion, and 
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Fig. 317. Details o£ an all- 
service canister for gas 
masks. 
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Bee-hive” coke ovens in which by-products are 
allowed to go to waste. 


Courtesy Youngstown Sheet and Tube Company 

Fig. 319. A mpdern coke oven in which all by-products are 
collected and utilized. 




decay are continually contributing carbon dioxide to the air. 
Large quantities of carbon dioxide occur in the soil and in 
all bodies of water. Certain natural springs contain carbon 


Haynes Pietxwe Shops, Inc. 

Fig. 320, Natural occurrence of carbon dioxide. The gases issuing 
from the crater of Mud Volcano in Yellowstone Park contain about 
95 percent carbon dioxide. 

dioxide which causes the water to effervesce spontaneously 
when it reaches the surface of the ground (Fig. 320). Large 
quantities of carbon dioxide also escape from many natural gas 
wells. 

(2) Preparation. Whenever carbon or its compounds are 
burned, carbon dioxide is formed: 

C “f- O 2 — ^ CO 2 

This is not a very convenient method, however, for preparing 
and collecting it in the laboratory. The usual method is to 
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treat a carbonate with an acid (Fig. 321). Granulated lime- 
stone and hydrochloric acid are generally used although other 
carbonates and other acids could be substituted: 


Ca(C03) -|- 2 HCl — » CaCl2 -f- H 2 O -f- CO 2 1 



Fig. 321. Laboratory preparation o£ carbon dioxide. 


Large quantities of carbon dioxide for commercial use are 
prepared by heating calcium carbonate: 

CaCCOs) ^ CaO -f CO 2 

Many commercial sources of carbon dioxide are those in which 
it is a by-product. For example, carbon dioxide is formed 
during the fermentation of sugar solutions as in the manufac- 
ture of alcohol: 

CeHiaOs 2 C 2 H 5 OH -f 2 CO 2 1 

(3) Physical properties. Carbon dioxide is a colorless gas 
of slightly perceptible odor and is one and one-half times 
heavier than air. Although it cannot be seen, it can be poured 
liVp: water from one container to another (Fig. 322). At ordi- 
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nary temperatures one volume of water will dissolve an equal 
volume of carbon dioxide. Its solubility is considerably in- 
creased by means of pressure and low temperatures. The ef- 
fervescence of carbonated beverages, such as those we buy at 
soda fountains, is due to the escape of carbon dioxide. Under 
sufficiently great pressure carbon dioxide liquefies, and most 
of the carbon dioxide of industry is transported in this condi- 
tion in strong steel cylinders. When liquefied carbon dioxide 



Fig. 322. Carbon diox- 
ide poured into a con- 
tainer like this will 
extinguish the lighted 
candles. The lowest 
flames will be extin- 
guished first. 


Fig. 323, Preparation and collection of 
carbon monoxide. Carbon dioxide, which 
is also one of the products of this reac- 
tion, unites with the sodium hydroxide. 


is allowed to evaporate, so much heat is absorbed in the process 
that part of the carbon dioxide is solidified to a snowy white 
mass. When compressed into blocks this constitutes “dry 
ice.” 

(4) Chemical poperties. Carbon dioxide is a very stable 
compound which neither burns nor supports combustion. A 
water solution of carbon dioxide slowly turns blue litmus red. 
This indicates that carbon dioxide reacts with water to form 
carbonic acid, H 2 CO 3 : 

CO 2 -f H 20 ?± H2(C03) 
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When this solution is heated, carbon dioxide escapes, and the 
reaction is therefore reversible. Carbonic acid is a weak 
acid as may be inferred from the fact that it has no perceptible 
sour taste, such as is characteristic of strong acids in dilute 


Fig. 324. A dry ice press. Dry ice comes from the press in ten 
inch cubes. It is then weighed, wrapped, and sealed in a paper bag. 


solution. Like other acids, however, it neutralizes bases and 
forms salts known as carbonates: 

HafCOs) + 2 Na(OH) -^NagfCOs) -f 2 H 2 O 

The formation of a milky precipitate when a colorless gas is 
bubbled into a solution of filtered calcium hydroxide constitutes 
a test for carbon dioxide: 

CO 2 + Ca(OH) 2 -> CafCOg) + H 2 O 
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(5) Uses. The outstanding uses of carbon dioxide are (1) 
in the preparation of carbonated beverages; (2) in the manu- 
facture of sodium carbonate by the Solvay process; (3) in the 
manufacture of white lead; (4) in extinguishing fires; (S) in 
baking, as a leavening agent; and (6) in refrigeration. It has 
been estimated that the first two industries mentioned use as 
much as 530,000 tons of carbon dioxide annually. 

364. Carbon monoxide. Preparation. When carbon 
is burned in a limited supply of air or oxygen, carbon monox- 
ide is formed; 

2C-f02-»2C0 

It may also be formed by the reduction of carbon dioxide at 
high temperatures: 

CO 2 -f- C — ^ 2 CO 

In the laboratory, it is usually prepared by the decomposition 
at gentle heat of either formic or oxalic acid (Fig. 323): 

(1) H(C00H)^H20-|-C0t 

(2) (COOHla-^HaO-f COt + COat 

Concentrated sulfuric acid is added in both instances as a 
dehydrating agent to remove the water resulting from the 
reaction. When oxalic acid is used the gases are bubbled 
through a solution of sodium hydroxide to remove the carbon 
dioxide. 

(2) Properties. Carbon monoxide is a colorless, odorless 
gas, somewhat lighter than air, and but slightly soluble in 
water. It can therefore be collected by the displacement of 
water. It unites very readily with oxygen and is an excellent 
reducing agent. Its reducing capacity can easily be demon- 
strated by passing it over heated copper oxide: 

CO -j- CuO — ^ Cu -|- CO 2 

As we have already seen (Sec. 306) the reducing action of 
carbon monoxide is utilized in the extraction of certain mptak 
from their oxides. 




Coul'tesy U. S. Bureau of Mines 

Fig. 325. The effects of carbon monoxide. This shows what is 
likely to happen when an automobile engine is allowed to run in a 
garage with doors and windows closed. 

unites with the hemoglobin of the blood to form a relatively 
stable compound. Since the hemoglobin of the blood is the 
agency by means of which oxygen is distributed to the various 
parts of the body, the result is asphyxiation just as effectively 
as though the supply of air were cut off. 

We have learned that carbon monoxide is a product of in- 
complete combustion of carbon. This gas is frequently present 
in the exhaust gases of automobiles. For this reason, an 
engine should never be kept running in a closed garage. In 
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Carbon monoxide is an extremely poisonous gas, and is very 
insidious in its effect because it is both odorless and colorless. 
This is why one is not likely to be aware of its presence. Its 
dangerous and often fatal effects are due to the fact that it 
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spite of many attempts to educate the public against this 
practice, one frequently reads of deaths occurring because this 
precaution was not observed (Fig. 325). For similar reasons 
it is of the utmost importance that gas stoves be provided with 
suitable flue connections, and that dampers in smoke pipes 


Courtesy The Port of New York Authority 

Fig. 326. One of the large ventilating fans which helps to maintain 
pure air in the Holland Vehicular Tunnel. 


should never be tightly closed, in order that the gas may escape 
up the chimney instead of into the room. 

The large volume of automobile traffic in certain tunnels, 
such as the Holland Tunnel entering New York City beneath 
the Hudson River, and the consequent discharge of exhaust 
gases while passing through the tunnel, makes it extremely 
necessary that the composition of the air be checked at fre- 
quent intervals to insure its safety and that adequate ventila- 
tion be provided. A substance called hopcalite, consisting of a 
mixture of certain metallic oxides, has the capacity for absorb- 
ing carbon monoxide. By means of an ingenious apparatus 
which contains hopcalite, the amount of carbon monoxide 
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which is present in the tunnel can be accurately determined 
and the ventilation is accordingly controlled by means of a 
series of powerful fans (Fig. 326). 

(3) Uses, In addition to its extensive use as a reducing 
agent in industry, carbon monoxide is used as a fuel and in the 
preparation of other compounds. Under suitable conditions of 
pressure and in the presence of a catalyst, carbon monoxide 
unites with hydrogen to form methyl alcohol: 

C0 + 2 H 2 ^CH 30 H 

During the World War, carbon monoxide and chlorine were 
used to prepare the well-known poison gas, phosgene: 

C0 + Cl2~»C0Cl2 


Problem Summary Exercises that Everyone Should Do 

1. Describe the occurrence of carbon and name its allotropic 
forms. 

2. What properties of the diamond make it desirable for gems? 
For abrasives and drill points? 

3. How did Moissan attempt to prepare artificial diamonds? 

4. Make a table in which you indicate the properties and uses of 
the various allotropes of carbon. 

5. How is graphite prepared artificially? 

6. What is meant by the term “adsorption^7 What use is made 
of this property? 

7. What are some of the products which may be obtained from 
the destructive distillation of wood? Of soft coal? 

8. Describe the preparation of boneblack; of lampblack. 

9. Where is carbon dioxide found? Name three natural proc- 
esses in which carbon dioxide is formed. 

10. How is carbon dioxide prepared in the laboratory? How is it 
prepared commercially? 

11. Describe the physical and chemical properties of carbon 
dioxide. 
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12v What are some uses of carbon dioxide? 

13. What is ^^dry ice- ? What are some of its advantages? What 
are its disadvantages? 

14. How is carbon monoxide prepared in the laboratory? De- 
scribe its properties. 

15. Explain why carbon monoxide is dangerous in its effects on 
human beings. 

16. What precautions should be observed as a protection against 
carbon monoxide? 

17. What are some uses of carbon monoxide? 

PROBLEM 2: HOW ARE THE COMMON NATURAL 
AND ARTIFICIAL FUELS OBTAINED AND USED? 

Problem Assignment. An analysis of man’s activities 
reveals his immediate or ultimate dependence upon fuels. 
Fuels are sources of energy. It has been said that the 
economic position and social progress of a nation is deter- 
mined in large measure by the supplies of energy available 
to its people. We depend on fuels not only to cook our 
food and to heat our homes, but also to turn the wheels of 
industry. All of our various means of transportation, such 
as the automobile, the train, the airplane, and the steam- 
ship, require the energy derived from fuels to provide their 
motive force. Most of the energy upon which civilization 
depends is obtained from carbon and compounds of carbon. 

Man not only utilizes the fuels which nature provides, but 
has by ingenious methods been able to supplement this 
source of supply by the preparation of artificial fuels which 
are suitable for particular purposes. This problem deals 
with the methods by means of which natural and artificial 
fuels are obtained and used. 

365. General consideration of fuels. Fuels are sub- 
stances which, when burned, provide light, heat, or power. 
They may consist of solids, liquids, or gases. Coal and coke 
are common examples of solid fuels; gasoline and kerosene are 
wen-known examples of liquid fuels; and ordinary illuminat- 
ing gas and acetylene represent gaseous fuels. Fuels may be 
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further classified as natural or artificial. As has been indi- 


cated, most fuels consist of carbon or compounds of carbon. 
They differ not only in their composition but in their char- 


acteristics. For ex- 
ample, some may ig- 
nite much more easily 
than others; some may 
burn without smok- 
ing; some may leave 
varying amounts of 
residue which we call 
“ash” ; and some may 
provide much more 
heat, unit for unit, 
than others. Some 
factors which deter- 
mine the choice of a 
fuel are its cost, the 
nature of its combus- 
tion, and its heat con- 
tent. The heat content 
of fuel is frequently 
referred to as its calo- 
rific value. Large in- 
dustrial consumers of 



coal commonly pay 
for it on the basis of 
analysis and of its cal- 
orific value. 


Fig. 327. Bomb calorimeter. A, bomb; 
B, platinum cup in which the material to 
be burned is placed ; C, electrodes ; D, 
stirrers; E, water; F, F^ thermometers; 
G, well“insulated outer wall. 


366- How calorific value is determined. The unit by 


means of which heat is measured is called the calorie. The 


calorie is defined as the amount of heat required to change the 
temperature of one gram of water one degree centigrade. The 
apparatus for determining the qumtity of heat is called a 
calorimeter (Fig. 327). A measured quantity of the material 
whose calorific value is to be determined is placed in a closed 
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container or bomb, in which oxygen or some vigorous oxidiz- 
ing agent is present. The bomb is surrounded by a weighed 
quantity of water, the initial temperature of which is care- 
fully noted. By means of electiic wires leading into the bomb, 
its contents are ignited. After combustion has taken place, 
the rise in temperature of the water is noted. From the data 
thus obtained, the total number of calories can be calculated. 
For example, if the weight of the water is 2000 grams and 
the rise in temperature is 7.5° C., then the number of calories 
given up is 2000 X 7.5, or 15,000 calories. 

In actual practice, the method described in the preceding 
paragraph is not quite so simple as indicated, because various 
other factors have to be considered, but the procedure as de- 
scribed is substantially correct. The calorie as defined in the 
previous paragraph is a metric unit. 

Another very common unit of heat is the British thermal 
omit, usually abbreviated “B. T. U.,” and defined as the 
amount of heat required to change the temperature of one 
pound of water one degree Fahrenheit. Although we have 
been primarily interested at this point in finding out how the 
calorific values of fuels are determined, we may call atten- 
tion to the fact that the calorific values of foods, and the 
amount of heat liberated or absorbed in chemical changes, are 
determined in a similar manner. 

Solid Fuels 

367. Coal. It is believed that coal had its origin in vast 
accumulations of plant matter during a time referred to in 
geology as the Carboniferous period, when vegetation was 
much more luxuriant than it is now. As these plants crowded 
each other in the swamps and died, they eventually became 
covered with water and earthy material. Fermentation and 
decay occurred, during which much of the hydrogen and oxygen 
of which the plants were composed was given off, leaving a 
gradually increasing residue of carbon. During geologic pe- 
riods of time, these organic deposits were subjected to natural 
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forces, such as high temperatures and great pressure, and 
eventually were changed to coal. 

The most important varieties of coal are anthracite and 
bituminous. They are frequently referred to as hard coal and 
soft coal, respectively. They differ chiefly in the amounts of 



Courtesy U. S. Bureau of Mines 

Fig. 328. Mining coal. 


uncombined carbon which they contain. Anthracite may con- 
tain more than eighty percent free carbon and may be thought 
of as the type of coal in which the carbonization process was 
more nearly completed than in other types of coal. It is a 
desirable fuel because of its high calorific value and because 
it burns with a clean flame. About the only important source 
of anthracite is in the state of Pennsylvania. 

Bituminous coal is much more widely distributed than 
anthracite. Since the item of transportation is an important 



one, this means that much more bituminous coal is used. _ An- 
other reason for its much more extensive use is that bituminous 
coal contains a large proportion of hydrocarbon compounds. 
These can be driven off by heating the coal in the absence of air 
(Sec. 361). Illuminating gas and other valuable products are 
obtained in this way. The heat content of bituminous coal is 
higher than that of anthracite but the amount of ash is gen- 
erally greater. In addition, bituminous coal is much more 
difficult to fire effectively so as to obtain complete combustion. 


Courtesy U, S. Bureau of Mines 

Fig. 329. A t 3 rpical oil field scene. Uniform spacing of the wells 
prolongs the life of the field. 

This causes large volumes of smoke to be discharged into the 
air and is a serious health problem in our industrial centers. 

368. Other solid fuels. Some other forms of coal are peat 
and lignite. They may be thought of as representing less com- 
pletely carbonized stages than bituminous coal. Because of our 
ample resources of anthracite and bituminous coal, neither 
peat nor lignite has assumed any great industrial importance as 
fuels even though they occur abundantly. In certain Euro- 
pean countries, however, peat and lignite are extensively used. 

Liquid Fuels 

369. General considerations. Liquid fuels have certain 
advantages over solid ones. They are cleaner, much easier to 
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Fig. 331. Installation of a long distance pipe line for the transpor- 
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handle, are less expensive to transport, require less storage 
space by the consumer, and can be economically burned by 
atomizing and mixing with air to produce a very hot flame 
which leaves no residue of ash. Some examples of liquid fuels 
are methyl alcohol, ethyl alcohol, petroleum, kerosene, and 
gasoline. The alcohols are important as a great potential 
source of fuel. They burn with a clean, hot flame; but at pres- 
ent their use is rather limited in our own country because of the 

cost of their production. 
By far the greatest source 
of our liquid fuels is pe- 
troleum. 

370. Petroleum. (1) 
Occurrence and character- 
istics. Petroleum, often re- 
ferred to as crude oil, is a 
complex mixture of hydro- 
carbon compounds. Pe- 
troleum is widely distrib- 
uted throughout the world. 
Some well-known areas in 
this country that produce petroleum are in Texas, Oklahoma, 
Kansas, Louisiana, Wyoming, and California. The character- 
istics of petroleum, such as color, odor, consistency, and com- 
position, vary widely, depending upon the locality from which 
it is obtained. The process by means of which fuels and other 
valuable products are obtained from petroleum is known as 
refining. 

(2) Refining. In general, the products of petroleum may 
be classified into the following groups: naphtha, gasoline, kero- 
sene, fuel oil, light lubricating oils, heavy lubricating oils, vase- 
line, paraffin, and petroleum coke (Fig. 332). Each product 
consists of a mixture of hydrocarbons. Although they do not 
have definite boiling points, most of them volatilize between 
rather definite limits of temperature when heated. The process 
by means of which they are separated from each other is known 
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jractional distillation. This consists of heating the petro- 
leum and separately condensing its vapors. The fractions 
which have the lowest boiling points are the first to vaporize 
and pass off. 





Fig. 333. General view o£ oil refinery and storage tanks. 


Great progress has been made in improving the methods by 
means of which petroleum is refined (Fig. 333). These meth- 
ods vary widely, depending upon the characteristics of the oil 
to be refined, and no one method could be given which would 
cover all cases. The principle of separating the various prod- 
ucts from each other upon the basis of their boiling points is a 
general one, however, and will apply in most instances. Some 
idea of the approximate temperatures at which the various 
products distill over can be gained from the tabulation on the 
following page: 
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Product Boiling Points 

Naphtha 70°-120° C. 

Gasoline .............. 60°-180° C. 

Kerosene 150°-300° C. 

Fueloil 240°-360° C. 

The lubricating oils, vaseline, and paraffin are distilled with 

super-heated steam. Since paraffin is an undesirable con- 
stituent of lubricating oils, it is separated from them by cool- 
ing the mixture to zero degrees C., which causes the paraffin 
to solidify. It is then removed by filtration. 

The various distillates obtained by the fractional distillation 
of petroleum are freed from objectionable impurities by treat- 
ment with sulfuric acid (Sec. 174). The sulfuric acid, together 
with the impurities, settles to the bottom of the tank where it is 
drawn off. A solution of sodium hydroxide is then introduced 
to neutralize any acid which may have remained. Finally,, 
water must be introduced to wash out any traces of sodium 
hydroxide. A further stage in the refining process is the re- 
distillation of the various fractions, and the filtration of the 
oils. ’ 

371. Gasoline. Gasoline is the most important product 
obtained from petroleum. The great number of automobiles 
requires a production in this country of hundreds of millions 
of gallons annually. Its desirability as a fuel for internal 
combustion engines is due to the readiness with which it va- 
porizes, and to the fact that this vapor, when mixed with air 
in suitable proportions in a carburetor (Fig. 334), is highly 
explosive. It is the force resulting from such explosions that 
operates the engine. Gasoline is also used to some extent for 
heating and lighting in specially constructed burners. There 
are the following ways of obtaining the great amount of gaso- 
line required. 

(1) Cracking process. The great demand for gasoline re- 
sulted in attempts to increase the yield as much as possible. 
Even with improved methods of temoerature regulation, the 
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average gasoline content of crude petroleum was only about 
twenty percent. This was sufficient to supply only about half 
the need. As in many other situations, chemists and chemical 


engineers not only found new sources of gasoline but also de- 


vised methods for greatly increasing 
the yield from petroleum. 

Gasoline is a mixture of hydro- 
carbons of relatively low molecular 
weights. It was thought that if 
there were some method by means 
of which the hydrocarbons of heav- 
ier molecular weights, such as are 
present in oils, could be broken 
up into lighter ones, the result 



would be an increased yield of gaso- company (inmana) 


line. Such a method has been de- 
vised and is now in extensive opera- 


Pig. 334. The carburetor 
is a device for vaporizing 
fuel, such as gasoline, and 


tion. The process is called crack- “““s with a suitable 
. ^ . amount of air, 

mg (Fig. 335). Not all refineries 


use the same procedure but one of the ways in which cracking 
is accomplished is by distilling the oil at high temperatures 
and high pressure in the presence of catalysts. This process 
was first successfully applied by Burton in 1913, and is of the 
utmost importance in maintaining an adequate supply of gaso- 



line. The same principle can 
be applied in breaking the 
heavier oils into lighter ones. 
(2) Other sources. Nat- 


Fig. 335. The cracking process. 
Relatively hea-vy molecules are 
broken down into molecules which 
weigh less, by the application of 
heat and pressure. 


Ural gas consists largely of 
methane, CH4, but may also 
contain some hydrocarbon 
vapors of slightly higher mo- 


lecular weights, such as are present in gasoline. These vapors 
are present to the extent of from S to 10 gallons per 1000 
cubic feet of gas. When separated and condensed, they yield 
an excellent quality of gasoline known as casinghead gasoline. 
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The volatility of this product is too great to permit it to be 
used alone, so it is blended with gasolines of lower volatility. 


Fig. 336. A typical oil cracking still. 

About two billion gallons of casinghead gasoline are produced 
annually. 

Another variety of gasoline can be obtained by treating 
finely powdered coal, dispersed in an oil, with hydrogen. At 
a temperature of about 500° C., and at high pressure in the 
presence of a catalyst, the carbon unites with the hydrogen to 
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form a series of hydrocarbons from which a liquid mixture 
equivalent to gasoline can be obtained. This is known as the 
Bergius process, named after the German chemist who dis- 
covered it and for which he was awarded the Nobel prize. 

372. Other liquid fuels. (1) Kerosene. Before the ad- 
vent of the automobile age and the greatly extended use of elec- 
tricity for lighting, kerosene was the most important product 
of petroleum. It is still used extensively as a fuel in oil stoves 
and for lighting in kerosene lamps in rural areas where gas or 
electricity is not available. Kerosene is also used to a con- 
siderable extent as a fuel for farm tractors. 

(2) Fueloils. Under this classification we may place those 
liquid products from the distillation of petroleum which are 
heavier than kerosene. They may range in quality from light 
high-grade oils to heavy low-grade oils. Devices for atomiz- 
ing oil and securing its complete combustion have resulted in 
a greatly extended use of oil, not only for heating homes but 
also in supplying the fuel for industry. The use of oil is very 
definitely superseding the use of coal for fuel on modern ships. 

The ability to use a heavy low-grade oil for fuel in internal 
combustion engines is a problem which has received a good 
deal of attention. It has been successfully solved in the Diesel 
engine. The chief advantages of the Diesel engine are that it 
is less complex mechanically than the ordinary gasoline engine, 
and that it operates at a much lower cost for fuel. There are 
many uses for which the Diesel engine is unsuited but improve- 
ments are being made which are removing these objections. 
The use of a Diesel engine for automobiles has been success- 
fully demonstrated, and it is quite possible that the near future 
will witness a decided revolution in the petroleum industry with 
respect to the type of fuel which is in greatest demand. 

Gaseous Fuels 

373. General considerations. The advantages that have 
been indicated for liquid fuels are also true of gaseous fuels. 
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Courtesy American Gas Association 


Gaseous fuels are cleaner than liquid fuels. They also have 
the advantage, at least in urban centers, of being piped directly 
into the building, thus making storage tanks unnecessary. It 

is also probable that gas- 
eous fuels are more effec- 
. tively controlled by me- 

chanical and automatic 
methods than are liquid 
fuels. On the other 
hand, they are generally 
more expensive. The 
most common gaseous 
fuels are natural gas, 
coal gas, water gas, pro- 
ducer gas, and acetylene. 

( 1 ) Natural gas. Nat- 
ural gas and oil are often 
(though not always) as- 
sociated together in the 
same fields. In fact, it is 
the pressure exerted by 
accumulations of natural 
gas which causes oil 
“gushers.” The gas is 
obtained by boring wells 
into the gas-bearing 
rocks. The composition 
of natural gas varies, but 
it consists chiefly of methane, CH4, together with small per- 
centages of other hydrocarbons, and a little free nitrogen. 
Natural gas has a higher calorific value than other gaseous 
fuels and is an effective and desirable fuel wherever it is avail- 
able. It is often piped for hundreds of miles from the gas 
fields to cities to supply homes and industries with fuel for 
light, heat, or power (Fig. 337). When burned, carbon diox- 
ide and water vapor are formed: 

CH4 -1- 2 O2 CO2 2 H2O 


Fig. 337. Pipe lines like these are laid 
for hundreds of miles to transport 
natural gas to large centers of popu- 
lation. 
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(2) Coal gas. This gas has already been referred to in con- 
nection with the production of coke (Sec. 361). It is one of 
the volatile products which are given off from the destructive 
distillation of bituminous coal. The process is made more 
economical by using part of the gas which is evolved to heat 
the coal. The composition of coal gas depends upon the kind 



Fig. 338. Manufacture of coal gas. A, furnace; B, retorts; 
C, collector; D, cooling and cleaning pipes; E, scrubber; 
F, purifier; G, reservoir. 


Most of the solid and liquid products of distillation are 
separated from the gas at C. The gas then passes thropgh 
coiled pipes at D, where it is cooled and subject to further 
separation from tarry substances. The scrubber removes 
soluble gases, such as hydrogen sulfide and ammonia. The 
purifier contains lime or iron oxide which removes any re- 
maining sulfur compounds, after which the gas passes into 
the reservoir, 

of coal used, the nature of the retorts in which the coal is 
heated, and the temperatures employed. It consists chiefly 
of hydrogen and methane, a small quantity of carbon monox- 
ide, and traces of hydrocarbons, such as ethylene, C2H4, and 
benzene, CeHe. Coal gas is a desirable and valuable fuel and 
is very widely used. 

(3) Water gas. Water gas is a mixture of carbon monoxide 
and hydrogen. It is made by passing steam over white-hot 
coke (Fig. 339). The steam is reduced by the coke according 
to the following reaction: 

H^O-fC-^Ha-f-CO 



Courtesy Semet*Solvay Engineering Corporation 

Fig* 339. Apparatus for the production of water gas. A blast of hot 
air is forced up through the layer of hard coal or coke until it be- 
comes white hot. Then steam is substituted for the blast of hot 
air. The steam and hot carbon react to form hydrogen and carbon 
monoxide, both of which burn with intense heat. Additional fuel is 
introduced from time to time through the hopper at the top. 
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A temperature of about 1000° C. is essential for the reaction. 
After the steam has been passed over the hot coke for a given 
length of time, the temperature drops. It is then necessary 
to shut off the steam and force a blast of air through the coke 
until it again becomes white-hot, after which the process is 
repeated. 

Since both hydrogen and carbon monoxide burn with an in- 
tense heat, water gas is an effective fuel for heating. It is 
not suitable for lighting because it burns with an almost color- 
less flame. The flame may be made luminous with a Welsbach 
mantle or by enriching the gas. This is accomplished by spray- 
ing a light hydrocarbon oil into water gas and heating the 
mixture to a high temperature. This treatment results in the 
cracking of the oil into gaseous hydrocarbons of lower molec- 
ular weight. The decomposition of these gases occurs when 
the enriched water gas burns, resulting in minute particles of 
free carbon which become incandescent and thus make the 
flame luminous. Enriching water gas not only makes the flame 
luminous but gives the gas a definite odor which may serve as a 
warning against the dangerous carbon monoxide in the event 
that a leak occurs. 

Water gas is cheaper to manufacture than coal gas, but its 
heat value is less and the large proportion of carbon monoxide 
which it contains is considered a disadvantage. In practice, 
water gas is often mixed with coal gas. While the emphasis 
in this problem has been on fuels, we may mention, in passing, 
that water gas is a source of hydrogen and carbon monoxide 
for use in industry. 

(4) Producer gas. Producer gas is a cheap gaseous fuel 
largely used for industrial purposes and generally prepared 
from a low grade of coal. It is made by forcing a regulated 
supply of air through incandescent coal. The oxygen of the 
air unites with the carbon of the coal at the bottom of the bed 
to form carbon dioxide, which, as it passes upward through 
the hotter portions of the fire, is reduced to carbon monoxide: 
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C O2 — > CO2 
C02 + C-»2C0 

Producer gas made in this way contains about sixty percent 
nitrogen but sometimes steam is also forced in with the air, 
causing the gas to contain some hydrogen. Blast furnaces, 
such as those used in the metallurgy of iron, give off producer 
gas as a by-product. This is used to provide some of the fuel 
for the operation of the furnace and therefore adds to the 
economy of the process. 

( 5 ) Acetylene. Acetylene, C2H2, is used to some extent for 
illuminating purposes in rural sections where gas and electricity 
are not available. When used in a specially constructed burner 
which supplies an adequate amount of oxygen, it burns with a 
brilliant light. There is some danger attending its use for 
lighting purposes, because it sometimes forms explosive mix- 
tures. 

The most important use of acetylene is for the production 
of high temperatures. When acetylene is burned in an oxy- 
acetylene torch with pure oxygen instead of air, temperatures 
of 3000 ° C. or higher may be obtained. Such high tempera- 
tures are useful in cutting steel plates and beams, in wrecking 
steel structures, and for welding metals. 

Acetylene is made by the reaction between water and cal- 
cium carbide; 

CaC2 - 1 - 2 H2O G2H2 -f Ca(OH)2 

When pure, acetylene has a rather faint, pleasant odor, but, 
as ordinarily prepared, it has a disagreeable odor because of 
the presence of impurities. It burns with a smoky flame unless 
it is used in specially constructed burners. When acetylene 
decomposes, a great deal of heat is liberated. This, in addi- 
tion to the heat of combustion of the hydrogen and carbon of 
which it is composed, explains why such high temperatures 
can be produced when acetylene is burned with oxygen. 
Acetylene is stored and transported in Prestolite cylinders. 



ORGANIC CHEMISTRY 


633 



Fig. 


These cylinders contain fibrous asbestos saturated with acetone, 
(CH 3 ) 2 C 0 , in which the acetylene is dissolved under pressure. 

Flames and Explosive Mixtures 

374. Flames. Flames are so familiar that they may ap- 
pear to be commonplace. An analysis of flames, however, 
reveals certain interesting features. Flames are caused by the 
burning of gases. Liquid fuels 
burn with a flame because . they 
vaporize and are then heated to the 
kindling point. Many solids, such 
as wood, soft coal, and candles, 
burn with a flame because they are 
first decomposed by heat, resulting 
in the formation of gases or vapors. 

Solid fuels, such as anthracite, coke, 
and charcoal, burn with very little 
flame because they evolve very little 
volatile matter. Other solid matter, 
such as iron, will glow brightly when heated to a sufiiciently 
high temperature, but it gives no flame because it does not 
vaporize. 

Inspection of a candle flame shows several distinct regions, 
called cones. The first region, located at the base of the flame 
immediately above the candle, is of pale green color. The 
second region surrounds the wick and extends somewhat above 
it. It appears to be quite dark. This region is called the non- 
luminous cone and consists of unburned gases because there is 
insufficient air at this point to support combustion. Surround- 
ing the non-luminous cone and extending above it is the 
luminous cone. This part of the flame gives most of the light 
which a candle provides. In this region there is sufficient heat 
to decompose some of the hydrocarbons. Hydrogen and free 
carbon are formed. The hydrogen burns and the carbon 
particles are heated to incandescence, making the flame lu- 
minous. Finally, there is an outer region where there is an 


340. Details o£ the 
candle flame. 
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abundance of air and where combustion is therefore complete. 
This region is non-luminous and is almost invisible. Figure 
340 shows the luminous and non-luminous part of a candle 




Fig, 341. Details of 
the Bunsen flame. A, 
oxidizing flame; B, re- 
ducing flame ; C, re- 
gion of unburned gas. 


flame. 

Gas flames also have several clearly- 
defined regions similar to those found 
in the candle flame. When gas is used 
for illumination, it passes through the 
narrow slit of a tip. The object of the 
tip is to spread the flame so as to in- 
crease the illuminating surface. The 
luminosity of such a flame is also due 
to the incandescent particles of carbon. 
A cold dish held over such a flame will 
cause the carbon to be deposited on its 
under side. This is obviously imdesir- 
able when the gas is to be used for 
heating utensils. 

The Bunsen burner (Fig. 341) is a 
device which, when properly adjusted, 
eliminates deposits of carbon. Air 
which is admitted through the openings 
near the base of the burner mixes with 
the gas before it reaches the top. This 
brings about the complete combustion 
of the gas and also produces a much 


hotter flame. This same principle is utilized in gas stoves and 
in gas burners where a hot, clean, and economical flame is 
desired (Fig. 342). It is important that the amount of air 
introduced into the burner be properly regulated. Otherwise, 
the flame -will strike back. The region just above the inner 
cone of a Bunsen flame is its hottest part. Experience has 
demonstrated that metals can be oxidized in the outer regions, 
and that oxides of metals can be reduced in the inner cone. 
These regions are therefore referred to as oxidizing and reduc- 
ing flames, respectively. 
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375. Explosive mixtures. Certain gases, when mixed with 
air, unite with explosive violence when ignited. The applica- 
tion of a mixture of gasoline vapor and air for operating auto- 


A1R 



mobile engines is familiar to all. At properly timed intervals 
a spark is introduced into each cylinder, causing the mixture 
to explode. It is the force derived from these explosions which 
runs the engine. The amount of air needed 
to form an explosive mixture with gasoline 
vapor varies widely. There is a certain 
maximum of air which can be introduced 
through the carburetor at which the engine 
operates at its best efficiency. This gives a 
mixture which produces the greatest explo- 
sive force, and we explain it in everyday 
terms by saying that the engine gives more 
power. The expressions lean mixture and 
rich mixture refer to the relative amounts 
of gasoline vapor as compared with air. All 
combustible gases likewise vary in the force 
with which they will explode when mixed 
with varying quantities of air. This be- 
havior is often referred to as the explosive 
range of a gas. For a given gas, however, 
there is a definite mixture which provides the maximum explo- 
sive force. 

The common practice of using gasoline, benzine, or naphtha 



Caurtesy Central 
Scientific Co. 

Fig. 343. Davy 
safety lamp. 



636 


MODERN-LIFE CHEMISTRY 


for cleansing purposes in the home is attended by possible 

danger. These are volatile liquids which evaporate quickly, 
and the air of the room in which they are used may soon be 
filled with a mixture of great explosive violence. Newspaper 
accounts of injuries caused by such explosions should warn us 
to do such cleansing out of doors, or to use cleansing agents 
which are not inflammable. 

The formation of a combustible gas like methane, CH4, 
constitutes one of the hazards of coal mining. This forms an 
explosive mixture with air. It is well known 
that a wire gauze is a good conductor of 
heat. In 1815, Sir Humphry Davy made 
use of this principle in inventing a miner’s 
safety lamp (Fig. 343) by substituting a 
wire gauze for the usual glass chimney. A 
Davy safety t 3 ^e lamp is shown in use in 
Fig. 344. Princi- Figure 328. The gauze conducts the heat 
pie of ^miner’s away from the lamp so rapidly that the 
sa e y amp. kindling temperature of the explosive mix- 
ture is not reached. The principle of the miner’s safety lamp 
can easily be demonstrated with a piece of wire gauze and a 
Bunsen flame (Fig. 344). 

Problem Summary Exercises that Everyone Should Do 

1. What are fuels? In what respects do fuels differ and what are 
some factors which determine the choice of a fuel? 

2. What is meant by the calorific value of a fuel? How is it 
determined? 

3. What is the theory which explains the origin of coal? 

4. What are the most important differences between anthracite 
and bituminous coal? 

5. Name several varieties of liquid fuels. What is the source of 
most of our liquid fuels? 

6. How is petroleum refined? What are some important prod- 
ucts obtained in the refining of petroleum? 
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7. Define the term ^^cracking.’^ Of what significance Is this 
process? 

8. Describe two sources of gasoline other than petroleum. 

9. Of what importance are fuel oils, and in what instance have 
they been successfully used in internal combustion engines? 

10. Make a table in which you compare gaseous fuels with re- 
spect to: source or preparation; composition; calorific value; and 
uses. 

11. How is acetylene stored and transported? 

12. Under what conditions are flames formed? Describe in detail 
the structure of a candle flame. 

13. Explain how a gas flame is most effectively used for illumina- 
tion; for heating. 

14. Explain what is meant by the explosive range of gases. What 
practical application do we make of an explosive mixture of gases? 

15. What precautions should be taken in using liquids like gaso- 
line for cleansing purposes? 

16. What was Sir Humphry Davy’s contribution to greater safety 
in mining? Explain. 

PROBLEM 3; HOW ARE THE PROPERTIES OF 
HYDROCARBON COMPOUNDS EXPLAINED BY 
THEIR MOLECULAR STRUCTURES? 

Problem Assignment, An inspection of the structure 
of the carbon atom shows that it has four electrons in its 
valence orbit. This indicates that it may either borrow or 
lend electrons and thus form a large number of com- 
pounds. The unusually large number of carbon com- 
pounds, however, is not adequately explained by this inter- 
pretation. Carbon atoms have the property to an extent 
not possessed by other elements of being able to share elec- 
trons with each other. It is thus possible for the carbon 
atoms to unite with each other to form molecules of vary- 
ing size. The carbon atoms of the molecules are often 
united with each other in a continuous series called 
^^chains,” or they may form closed We may visual- 

ize the arrangement of the atoms with respect to each other 
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by means of structural formulas. Structural formulas are 
based on experimental evidence and have been of the ut- 
most importance in the development of organic chemistry. 

376. Hydrocarbons. Hydrocarbons are compounds con- 
sisting of carbon and hydrogen only. They are found in petro- 
leum, natural gas, coal gas, and coal-tar products. They con- 
stitute in themselves a large and important group of organic 
compounds, but many of them provide the raw material from 
which other valuable compounds are made. There are a great 
many hydrocarbons but for convenience in study it is possible 
to arrange them in certain groups or series. We shall begin 
our study of the hydrocarbons with the methane series. 

377. The methane series. This series, which is often 
referred to as the paraffin series, takes its name from its first 
and simplest member, methane, CH 4 . The names, formulas, 
and physical states of some of the other members are given 
inTable33. 

An inspection of the formulas in this table shows that the 
number of hydrogen atoms in each compound is equal to twice 
the number of carbon atoms, plus two. If we allow “n” 
to represent the number of carbon atoms, then the general 
formula for this series becomes CnH 2 n+ 2 . We are also able 
to observe that the formula of each compound differs from the 
preceding one by CH 2 . Any series in which a given compound 
differs from the preceding one by CH 2 is called a homologous 
series. Homologous series occur frequently in organic chem- 
istry. The table also gives us an opportunity to note the transi- 
tion from gases to liquids, and the rise in the boiling points, as 
the molecular weights, increase. Compounds of the methane 
series, beginning with and following CiTHse, are solids. Other 
hydrocarbon series are shown in the table on page 640. 

378. Methane. We learned in our study of gaseous fuels 
that methane, CH 4 , was the most important constituent of 
natural gas and of coal gas. Methane is frequently called 
marsh gas because it is formed in marshes as a result of the 
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TABLE 33 

The Methane Series 


Name of Compound 

Formula 

Molecular 

Weight 

Physical 

State 

Boiling 

Point 

Methane 

CH, 

16 

Gas 

-16L4rC. 

Ethane 

CA 

30 

Gas 

-83.3° C. 

Propane 

CA 

44 

Gas 

-44.5° C. 

Butane 

C4H40 

58 

Gas 

.6°C. 

Pentane 

C5H42 

72 

Liquid 

36.2° C 

Hexane 

CoH,, 

86 

Liquid 

69.0° C. 

Heptane 


100 

Liquid 

98.4° C. 

Octane 

C3H,s 

114 

Liquid 

124.6° C. 

Heptadecane 


240 

Solid 

303.0° C. 

General formula 




decay of vegetable matter. It also occurs in coal mines, where 
it is referred to as fire damp. Methane is prepared in the 
laboratory by heating a mixture of sodium acetate and sodium 
hydroxide: 

NaCCgHsOa) + NaOH Na2(C03) + CH4 f 

It is a colorless, odorless gas, insoluble in water and lighter 
than air. It burns with a slightly blue flame, the products of 
its combustion being carbon dioxide and water: 

CH4 2 O2 — ^ CO2 “{“ 2 H2O 
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TABLE 34 


Other Hydrocarbon Series 


■ Acetylene Series 

Ethylene Series 

Benzene Series 

Acetylene 

CA 

Ethylene 

CA 

Benzene 

CeH^ 

Propine 

C3H, 

Propylene 

CaHe 

Toluene 

CA 

Butine 

CA 

Butylene 

CA 

Xylene 

CsH„ 

Pentine 

CA 

Pentylene 


Mesitylene 

CaH,3 

General 

formula 


General 

formula 

CAan 

General 

formula 



A mixture of methane and air is explosive. To prevent the 
explosion of this mixture Davy invented his miner’s safety 
lamp. 

379. Structural formulas. Structural formulas ’ha.ve h At- 
cided advantage over empirical formulas because they enable 
us to visualize the arrangement of the atoms in the molecule. 
The valence of the carbon atom is four and it is convenient to 
represent each valence by a very short line called a valence 
bond. Each valence bond represents one pair of shared elec- 
trons. The structural formulas of the first four members of 
the methane series will enable us to understand how the ar- 
rangement of the atoms is indicated: 


Methane 

H 


Ethane 
H H 
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Propane 
H H H 

H— C— C— C— H 

I I I 

H H H 


Butane 
H H H H 

H— C— C— C— C— H 

1 i I I 

H H H H 


380. Isomerism. As the number of atoms in a molecule 
increases, it is possible to arrange them in more than one way. 
Only one ethane and only one propane are known, but when 
we reach butane we have two compounds of the same per- 
centage composition and the same molecular weight. These 
compounds are known as normal butane and isobutane. They 
differ from each other in physical and chemical properties, and 
each compound has its own identity. A comparison of their 
structural formulas shows how such an occurrence is possible: 


Normal Butane 
H H H H 

111 I 

H— C— C— C— C— H 

1111 

H H H H 


Isobutane 
H H H 

I I I 

H— C— C— C— H 


H 


H 


H— C— H 

I 

H 


The arrangement of the atoms in normal butane is 
CHs • CH 2 • CH 2 * CHg, while in isobutane three GH 3 groups are 
joined to one CH group. 

The occurrence of different compounds having the same 
percentage composition and the same molecular weight is due 
to differences in the arrangement of the atoms in the molecule 
and is known as isomerism. The compounds of a given group 
are known as isomers of each other. As the number of carbon 
atoms increases, the number of different arrangements also 
increases. The number of isomers which are theoretically 
possible therefore becomes very great. For example, when 
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the number of carbon atoms in the molecule becomes as high 
as thirteen, 802 compounds of the formula C13H28 are possible. 
This is one of the reasons for such a large number of carbon 
compounds. Other reasons are the formation of saturated 
compounds from unsaturated ones and the formation of sub- 
stitution products. 

381. Unsaturated hydrocarbons. The structural formula 
of ethylene shows that its carbon atoms are joined by two 
pairs of shared electrons. Hydrocarbons whose adjacent car- 
bon atoms are joined by two or more pairs of shared electrons 
are known as unsaturated compounds. Saturated compounds 
are characterized by having only one pair of shared electrons 
between adjacent carbon atoms. The fact that ethylene al- 
ways unites with two atoms of another element and never 
with one only, leads us to believe that its adjacent carbon atoms 
are joined by two pairs of shared electrons: 

Ethylene Ethylene Chloride 

H H H H 

i I I I 

C = C-l-Cla^ >C1— C— C— Cl 

II II 

H H H H 

The substance formed by the chemical conversion of an un- 
saturated compound to a saturated compound is known as an 
addition product. 

Ethylene is sometimes called olefiant gas. It is the first 
member of the series which bears its name. It burns with a 
luminous flame. Coal gas owes its luminosity to the presence 
of a small percentage of this gas. The succeeding members 
of the ethylene series are often called olefines. The use of 
ethylene brings out the natural color of fruits and makes them 
much more uniform in appearance. Ethylene is also used to 
some extent as an anesthetic. It can be prepared by heating 
ethyl alcohol with concentrated sulfuric acid, the acid acting 
as a dehydrating agent: 

C 2 H 5 OH CsH 4 -f H 2 O 
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Another unsaturated series is the one which begins with 
acetylene. A description of the properties of acetylene, its 
preparation, and the general formula for the series has already 
been given (Sec. 373). The adjacent carbon atoms of acety- 
lene are joined by three pairs of shared electrons, so that its 
structural formula is : 

H— C=C— H 

382. Substitution products. As the name implies, substi- 
tution products differ from addition products in that one or 
more new atoms take the place of hydrogen atoms which are 
already present in the compound. For example, when chlorine 
reacts with methane, one atom of chlorine is substituted for 
one of the atoms of hydrogen: 

H H 

i i 

H— C— H H- CI 2 H— C— Cl -f HCl 


The chlorine substitution product that is formed is known as 
methyl chloride, from the methyl radical, CH 3 , (Table 35). 
In similar manner, the other hydrogen atoms may be replaced 
by chlorine atoms to form dichlormethane, trichlormethane, 
and tetrachlormethane: 

Dichlormethane Trichlormethane Tetrachlormethane 
Cl Cl Cl 

H— C— H H— C— Cl Cl— C— Cl 

i 1 1 

Cl Cl Cl 

The common names of the latter two compounds are cUoro- 
form and carbon tetrachloride. The hydrogen atoms of 
methane may be replaced by the atoms of the other halogens 
to form corresponding halogen substitution products. In sim- 
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ilar fashion, the hydrogen atoms of hydrocarbons higher in 
the series may also be substituted by the atoms of other ele- 
ments. This, in itself, gives a striking illustration as to why 
so many carbon compounds are possible. 

Chloroform, CHCI3, is a well-known anesthetic and is also 
a good solvent for certain substances. Carbon tetrachloride, 
CCI4, is a non-inflammable solvent for fats and is therefore a 
good cleansing agent. It is also used in certain fire extinguish- 
ers of the Pyrene type. Iodoform, CHI3, is formed in a man- 
ner similar to chloroform. It is a yellow compound of charac- 
teristic odor which has some application as a surgical dressing. 
The formation of iodoform when an unknown liquid is heated 
in the presence of an alkali and free iodine is a test for ethyl 
alcohol. 

Table 35 gives radicals corresponding to some of the mem- 
bers of the methane series of hydrocarbons. Radicals of or- 
ganic chemistry conform to the same rules as those of inorganic 
chemistry. 

TABLE 35 


Hydrocarbons and Their Corresponding Radicals 


Name OF 

1, ' 

" , • ■ FORMULA; 

Formula of 

Name op 

Compound 

Radical 

Radical 

Methane 


CH3 

Methyl 

Ethane 


C3H3 

Ethyl 

Propane 



Propyl 

Butane 



'Hiityl 

Pentane 

;;:; v ^ 


; ^ Pentylv 

Hexane 

CeH« 

C 3 H ,3 

Hexyl 
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383. Benzene series. The benzene series is often referred 
to as the aromatic series because many of its derivatives have a 
definitely aromatic odor. The first member of the series is 
benzene, CeHe- It constitutes our introduction to a closed ring 
formation, as indicated by its formula. The succeeding mem- 
bers of the series also have closed ring formations. Ring hy- 
drocarbons differ from other hydrocarbons in that they react 
readily with nitric and sulfuric acids. It is essential to re- 
member that the ending of benzene is ene, to distinguish it 
from the mixture of hydrocarbons called benzine obtained 
from petroleum; 


Benzene Ring 


H 


/\ 

H— C C— H 

I II 

H— C C— H 

\/ 

C 


H 


Benzene is often called benzol. It is one of the products of 
the destructive distillation of coal. It is a colorless liquid of 
characteristic odor, is less dense than water, and burns with 
a smoky flame. Benzene is a good solvent for fats, resins, and 
gums, but its most important use is in the preparation of sub- 
stitution products for the manufacture of artificial leather, 
paints, varnish removers, dyes, and drugs. 

Some other important members of the benzene series are 
toluene, C 7 H 8 , and xylene, CsHio- Toluene may be thought of 
as being derived from benzene by the substitution of a CHg 
radical for one of its hydrogen atoms. In similar fashion, 
xylene may be thought of as being derived from benzene by 
the substitution of two CHg radicals for two of its hydrogen 
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atoms. A comparison of the formulas of all three compounds 
will make this clear : 


H- 


Benzene 

Toluene 

Xylene 

H 

H 

1 

H 

C 

1 

C 

C 

/\ 


/\ 

[_G C— H 

H— C C— CH 3 

H— C C— ( 

1 II 

1 II 

1 , II 

[— C C— H 

H— C C— H 

H— C C— 1 

\/ 

\/ 


C 

c 

? 

H 

1 

H 

1 

H 


CH3 

CH, 


Toluene is mentioned in Section 240 in connection with the 
preparation of explosives. Saccharin, a substance 500 times 
as sweet as sugar, is made from toluene, and substitution prod- 
ucts of toluene are prepared for the manufacture of dyes. A 
similar use is made of xylene. 

384. Some substitution products of ring hydrocarbons. 
Nitrobenzene, C 6 H 5 NO 2 , is formed by substituting an (NO 2 ) 
group for one of the hydrogen atoms of the benzene ring. 
Benzene is treated with a mixture of nitric and sulfuric acids, 
the latter compound being used to absorb the water formed in 
the process: 

CeHe -h H0-N02 CeHslNOa) -j- H 2 O 

The substitution of the nitro group, NO 2 , for hydrogen atoms 
in aromatic hydrocarbons is known as nitration. Nitrobenzene 
is a pale yellow liquid with a pleasant odor resembling that of 
bitter almonds. Its most important use is in the preparation 
of aniline, C 6 H 5 NH 2 . This compound is made by treating 
nitrobenzene with nascent hydrogen: 

CsHsNOa -f 3 Ha C 6 Hs(NH 2 ) -f 2 H 2 O 

Aniline is used in extremely large quantities in the dye indus- 
try. Toluidine, CxH^CNHa), and a:y»e, C 8 H 9 (NH 2 ), are 
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also important compounds in the dye industry, and are made 
in the same manner as aniline. 

385. Other hydrocarbons. At least two hydrocarbon 
compounds, naphthalene, CioHg, and anthracene, Ci 4 Hio, may 
be mentioned here because of their importance. They are not 
homologues of the benzene series, but are nevertheless related 
to benzene, toluene, and xylene because all of them are ob- 
tained as products from the destructive distillation of coal. 
Naphthalene is familiar to many in the form of moth balls. 
Much more important, however, is its use in the preparation of 
certain dyes and in the preparation of substitution products. 
Anthracene is likewise used in the preparation of dyes, the 
outstanding one of which is alizarin: 


Naphthalene 
H H 

i I 

C C 
/\/\ 

H— (j: C C— H 

^ ? 

H H 


Anthracene 
H H 


T 


c c c 

H— (j: (J c H 

? ? T 

H H H 


Problem Sxjmmary Exercises that Everyone Should Do 

1. Define the term “hydrocarbon.” 

2. Name several sources from which hydrocarbons are obtained. 

3. Name the first four members of the methane series. Give 
the general formula for this series. 

4. Define the term “homologous series.” Give at least three ex- 
amples of such a series. 

5. What are structural formulas? How do they differ from em 
pirical formulas? 
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6. Of what value are structural formulas? Write the structural 
formulas of ethane and propane. 

7. Show by means of structural formulas how it is possible for 
two compounds to have the same percentage composition and the 
same molecular weight, and yet have different properties. By what 
name is such an occurrence described? 

8. Mention two properties of hydrocarbons that vary with their 
ascending molecular weights. 

9. Write the equation for the laboratory preparation of methane. 

10. Describe the properties of methane. By what two common 
names is methane known? 

11. By means of structural formulas, distinguish between satu- 
rated and unsaturated compounds. 

12. By what general terms do we describe compounds which are 
derived from saturated and unsaturated compounds? 

13. How is ethylene prepared? What are some of its uses? 

14. What are substitution products? Give the structural for- 
mulas of four substitution products of methane. 

15. Name two uses of chloroform; of carbon tetrachloride. 

16. Given an unknown colorless liquid, how could you test it for 
the presence of ethyl alcohol? 

17. Give the names and the structural formulas of the first three 
members of the benzene series. 

18. What is the most important use of benzene? By what other 
name is it known? 

19. How is nitrobenzene made, and of what importance is this 
compound? 

20. Name at least five hydrocarbon compounds which are ob- 
tained from the destructive distillation of coal and the fractional dis- 
tillation of coal tar. 

PROBLEM 4: HOW CAN WE APPLY THE IDEA OF 
MOLECULAR STRUCTURE TO EXPLAIN THE 
CLASSIFICATION AND PROPERTIES OF 
HYDROCARBON DERIVATIVES? 

Problem Assignment. The method by means of 
which three hydrocarbon atoms of methane can be replaced 
by three atoms of chlorine to form chloroform enables us 
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to understand why we may think of chloroform as being 
derived from methane. In the language of the chemist, 
chloroform is considered to be a derivative of methane. 
Structural formulas enable us to visualize the manner in 
which derivatives are formed. The capacity for forming a 
large number of derivatives is another reason why there 
are so many compounds of carbon. In spite of their large 
number, however, derivatives may be classified in certain 
groups, and this classification greatly simplifies their study. 

Each group has a characteristic molecular structure upon 
which its classification is based. The properties of each 
group are in turn dependent upon the molecular structure. 

The use of structural formulas will assist us in observing 
these relationships. 

Alcohols 

386. General considerations. Alcohols are organic com- 
pounds containing the (OH) group. They may be thought 
of as being derived from their corresponding hydrocarbon 
compounds by the substitution of one or more (OH) groups for 
an equal number of hydrogen atoms. Many alcohols are 
known and many more are theoretically possible. For a long 
time only two alcohols were of any appreciable importance. 
These were methyl alcohol, CHsOH, and ethyl alcohol, 
C 2 H 5 OH. In recent years, however, the alcohols of higher 
molecular weight have assumed increasing importance and 
are being manufactured in vast quantities. Like hydrocar- 
bons, alcohols may be arranged in homologous series. Table 
36 on page 650 shows the relationship between alcohols and 
their corresponding hydrocarbons. 

Inspection of the table shows that the name of the alcohol 
is derived from the corresponding radical of the hydrocarbon 
compound by changing the ending awe to yZ. The general 
formula for the alcohols of the methane series is R-OH, in 
which R stands for any hydrocarbon radical. 

(1) Methyl alcohol. Methyl alcohol, methanol, and wood 
alcohol all refer to the same compound. The latter name in- 
dicates the source from which some of it is made, and we have 
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TABLE 36 

Hydrocarbons and Their Corresponding Alcohols 


■ Name 

Formula 

Corresponding 

Radical 

Formula of 
Alcohol 

Name op 
Alcohol 

Methane 

CH^ 

4 

CH 3 

Methyl 

CH 3 OH 

Methyl alcohol 

^ Ethane 



Ethyl 

c^h^oh 

Ethyl alcohol 

Propane 

C3H, 

CaH, 

Propyl 

CsH^OH 

Propyl alcohol 

Butane 


CA 

Butyl 

c.h^oh 

Butyl alcohol 

Pentane 

CA. 


Pentyl 


Pentyl alcohol 

General 

formula 






already observed in our discussion of charcoal that this alcohol 
is a product of the destructive distillation of wood. Its struc- 
tural formula may be represented as follows: 


H 

1 

H— C— OH 

I 

H 

The modern method of preparing methyl alcohol is by the re- 
action between carbon monoxide and hydrogen. Under a pres- 
sure of about 2200 pounds and a temperature of 400° C., in 
the presence of zinc oxide which acts as a catalyst, these sub- 
stances unite to form methyl alcohol: 

CO-f 2H2-»CH30H 

Methyl alcohol is used to some extent as a fuel in alcohol 
stoves but its most important uses are as a solvent in making 
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polishes, lacquers, and varnishes; in the making of formalde- 
hyde; as an anti-freeze; and in the making of aniline dyes. 
Methyl alcohol is a dangerous poison. Even small amounts 
may cause blindness or death when taken internally. The 
term “alcohol” is so closely associated in the public mind with 
beverages that it is of the utmost importance to know what 
is likely to happen when drinking a liquid of unknown com- 
position. 

(2) Ethyl alcohol. The terms ethyl alcohol, ethanol, and 
grain alcohol all refer to the same compound, C 2 H 5 OH. This 
is the substance that most people have in mind when they use 
the term “alcohol.” Ethyl alcohol has the following structural 
formula: 

H H 

I i 

H— C— C— OH 

1 I 

H H 

Ethyl alcohol is prepared by the fermentation of certain 
sugars. The source of most of the sugar used in this process 
is a cheap grade of molasses obtained as a by-product in the 
refining of sugar cane or that obtained from the starch of 
grains or potatoes. Fermentation is caused by the action of 
certain microorganisms, such as yeast. In its life processes, 
yeast secretes an enzyme called zymase. Enzymes are complex 
organic substances which are capable of effecting chemical 
change by catalytic action. When yeast is put into a sugar 
solution, the zymase causes the decomposition of the sugar into 
alcohol and carbon dioxide (Fig. 345) : 

CgHiaOs -> 2 C2H5OH -j- 2 CO2 

After fermentation has taken place, the alcohol is separated 
from the mixture by distillation. Repeated distillations will 
give an alcohol which is about 95 percent pure. 

Ethyl alcohol is a colorless liquid with a characteristic odor. 
It boils at 78.5° C., is less dense than water, and is miscible 
with it in all proportions. It burns with a clean, hot flame and 
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would undoubtedly be used much more extensively as a fuel 
were it able to compete with gasoline in price. 

Ethyl alcohol is used very extensively as a solvent in many 
industries and as the raw material for the preparation of many 
substances. Dyes, lacquers, tinctures, celluloid, collodion, 
ether, chloroform, iodoform, explosives, medicines, and dye- 
stuffs are just a few of the products 
which require ethyl alcohol for their 
preparation. In addition, large quan- 
tities are used as an anti-freeze in 
automobile radiators. 

(3) Denatured alcohol. Alcohol 
which is to be used for beverage pur- 
poses is subject to a high Federal tax, 
while that used for industrial pur- 
poses is not taxed. In order to pre- 
vent industrial alcohol from being 
used for beverages, certain substances 
are added which cannot be easily re- 
moved and which will either cause the 
alcohol to have a very disagreeable taste or result in violent 
illness in case it is taken internally. Alcohol to which such 
substances are added in this way is known as denatured alco- 
hol. There are a number of denaturing formulas, and the kind 
of denaturant added depends on the purpose for which the 
alcohol is used. 

(4) Other alcohols. Glycerin is an alcohol containing three 
hydroxyl groups. It may be thought of as a derivative of 
propane in which three hydroxyl groups are substituted for 
three hydrogen atoms. Its structural formula is: 

H H H 

1 I 1 

H — C — C — C — H 

I I I 

OH OH OH 



Fig. 345, Preparation 
of ethyl alcohol in the 
laboratory. 
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Glycerin is a colorless, viscous liquid having a sweet taste. It 
has the capacity for absorbing moisture and is therefore said 
tohe. hygroscofic. This property is utilized by adding glycerin 
to certain substances to keep them moist. Other uses of glyc- 
erin are for the manufacture of nitroglycerin, medicinal prepa- 
rations, cosmetics, and as an anti-freeze in automobile radia- 
tors. Its preparation is dis- 

cussed later in connection H|||||||B||np^^MHH 
with soap-making. 

Ethylene glycol is an al- 
cohol whose composition and 
properties are intermediate 
between those of ethyl alco- 
hoi and glycerin. Its for- 

assuming increasing impor- 
tance as an anti-freeze, in 
competition with both ethyl 
alcohol and glycerin. It has 
a higher boiling point than 

ethyl alcohol and is less ex- BB j|^B|BB 

pensive than glycerin: B^BHii^L__..jBBBBB 

Courtesy Dr. Leo Baekeland 

Ethylene Glycol Fig. 346. Leo Hendrik Baeke- 

U land (1863- ). An American 

j I chemist who was born in Belgium. 

^ ^ ^ In 1889, he came to the United 

H — C — C — H States and founded a chemical 

I I company, which manufactured 

^ ^ ^ ^ ^ materials for photography. Later, 

OH OH he invented phenol resinoids, and 

in 1893, his name became associ- 
ated with bakelite products, which 
have had a very extended use in 
the niodern world. 


Phenol, CoHsOH, common- 
ly called carbolic acid, is an 
alcohol, as can be noted from 
its formula, and it may be considered as a hydroxyl derivative 
of benzene. It is one of the products obtained from coal tar, 
and it crystallizes in large colorless crystals which melt at 
42 ° C. A three percent solution is used as a germicide: 
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Phenol 

H 


H- 


C 

/\ 

-C C- 


-OH 


H— C C— H 

C 


H 


Some other important uses of phenol are in the prepara- 
tion of salicylic acid, picric acid, and bakelite. When phenol 
and formaldehyde are heated together in the presence of am- 
monia, they form a resinous substance called bakelite. This 
substance solidifies on cooling and can be cast or molded into 
any desired shape. It may also be cut, threaded, or machined 
for a great variety of purposes. When dissolved in suitable 
solvents, it forms varnishes which give a lustrous and durable 
finish. Bakelite was named after its inventor, Dr. Leo Baeke- 
land, and it is representative of a group of substances called 
plastics. Plastic products have been so widely applied that 
they now rank with metal, wood, and stone as one of the 
principal materials of construction. Not all plastics are made 
in the same manner nor of the same materials as bakelite, but 
the use of plastics generally has developed very rapidly and 
is becoming an increasingly important product of chemical 
industry. Largely because of the rapidly increasing plastics 
industry, the production of phenol advanced almost 23,000,000 
poimds during a period of seven years. 

Aldehydes, Ketones, and Ethers 

387. Formic aldehyde (formaldehyde). H*CHO is the 
simplest representative of a series of compounds characterized 
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H 

/ 

by the group. Aldehydes are formed by the partial 

O 

oxidation of alcohols. For example, when a mixture of alcohol 
vapor and air is passed over a hot copper spiral the following 
reaction takes place; 

H 

I 

2 H— C— OH + O 2 2 H- 
H 

Like the alcohols, the aldehydes form a homologous series: 
H‘CHO, CHg'CHO, C2H5’CH0, and so on. Formaldehyde 
is a gas, and a forty percent solution in water is known as 
formalin. It is used as a germicide and also for preserving 
biological specimens. Its use in the preparation of bakelite 
has already been mentioned. 

388. Ketones. Ketones are a group of compounds char- 

R 

\ 

acterized by the general formula C==0. Like aldehydes, 

R 

they can be prepared by the oxidation of alcohols. The al- 
cohols from which ketones are made, however, must have two 
hydrocarbon radicals attached to the same carbon atom, as 
indicated in the general formula for ketones. The best-known 

CHa 

\ 

ketone is acetone. Its formula is C=0. 

/ 

CHa 

Its most important use is as a solvent for fats, resins, gums, 
acetylene, and other organic substances. Other uses are for 


H 

/ 

-C +2 H 2 O 
\ 

0 
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the preparation of paint and varnish removers, chloroform, and 
synthetic indigo dyes. 



Fig. 347. Administering ether. The patient’s head is wrapped in 
sterile towels and the face is covered with a rubber cone through 
which the ether is blown by a stream of gas. The stream of gas 
may consist of oxygen, or a mixture of carbon dioxide and oxygen, 
or just air. The gas containers are seen in the foreground. 


389. Ethers. When ethyl alcohol is treated with a dehy- 
drating agent such as sulfuric acid, the following change takes 
place: 

C2H5 


The compound (C2H5)20 may be thought of as ethyl oxide or 
ordinary ether, and is representative of a group of compounds 
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R 

which have the general formula 0. Ethyl ether is a color- 

/ 

. R 

less, volatile, inflammable liquid which boils at 35° C. It is 
used as a solvent for fats and resins, and as an anesthetic (Fig. 

CH3 


347) . Other examples of ethers are meiAyf ^O, and 

C3H, 


propyl ether, 


C3H, 


> 


Organic Acids 

390. Organic acids in general. We have pointed out that 
carbon atoms share electrons with each other in the formation 
of many compounds. Such compounds are non-polar. Organic 

O 

/ 

acids have a characteristic carboxyl group, — C . An im- 

\ ■ 

OH 

portant difference between inorganic and organic acids is that 
for the most part the latter dissociate very slightly, if at all. 
In inorganic acids, all of the hydrogen atoms may be displaced, 
but in organic acids, only the hydrogen of the carboxyl 
(COOH) group may be displaced. The general formula for 
O 

organic acids is R — C . The following table shows some 

OH 

well-knowm organic acids. 
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TABLE 37 
Organic Acids 


Name 

Formula 

Where Found 

How Prepared ■ 

Formic 

H-COOH 

Stinging nettles and 
red ants 

Reaction between GO 
and NaOH ' 

Acetic 

GHg-COOH 

Present in vinegar 

Distillation of .wood, . 

Butyric 

G3H-COOH 

Decomposition prod- 
uct of butter 

Fermentation . of 'sugar 

Palmitic 

CiA,-COOH 

Obtained from fats 

Hydrolyzing corre- 
sponding esters 

Oleic 

C„H33.C00H 

Obtained from fats 

Hydrolyzing ■ coire- ■ „ 
spending esters 

Stearic 

c„H33-cooh 

Obtained from fats 

Hydrolyzing corre- 
sponding esters 


391. Some important organic acids. ( 1 ) Acetic acid. 
Acetic acid is a product of the distillation of wood but it is also 
made by acetic acid fermentation of hard cider. Hard cider 
contains alcohol. Acetic acid bacteria enter the cider from the 
air and act upon the alcohol, causing it to unite with oxygen 
and converting it to acetic acid: 

C 2 H 5 OH -f O 2 -» CHs-COOH + H 2 O 

Acetic acid is used as a solvent for many organic substances. 
It has always been the most important organic acid indus- 
trially. In recent years it has increased in importance because 
of its use in the preparation of cellulose acetates for making 
non-inflammable moving picture films and cellophane, and in 
the preparation of rayons. It is also used in the preparation 
of metallic acetates. 
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(2 ) Other organic acids. Other important organic acids are 
oxalic acid, H2C2O4, and citric acid, HsCbHsOt. These are 
white crystalline solids which dissociate very slightly in solu- 
tion. Oxalic acid is quite poisonous. It acts as a mild reducing 
agent, and hence finds application in bleaching, and in the re- 
moval of rust or ink spots that have been recently formed. 
Tartaric acid, H2C4H4O6, occurs in many fruits, especially in 
grapes. A salt of tartaric acid, potassium^ acid tartrate, 
KHC4H4O6, is a by-product in the preparation of wines from 
grape juice. It is used in baking powders. Citric acid, 
H3C6H5O7, occurs in oranges, lemons, and grapefruit. A salt 
of citric acid, magnesium citrate, is a well-known household 
remedy. 

Esters 

392 . General characteristics. The general formula for 
esters is R-COO-R. They are compounds formed by the reac- 
tion between an alcohol and an acid, a process called esterifica- 
tion. This process is similar to neutralization, but unlike it be- 
cause alcohols do not dissociate. The reaction takes place 
much more slowly at ordinary temperatures, and is reversible 
unless a dehydrating agent, such as sulfuric acid, is added to 
absorb water. We may explain the formation of esters by say- 
ing that the hydroxyl group of the alcohol unites with the hy- 
drogen of the carboxyl radical of the acid to form water. This 
hydrogen of the acid is replaced by a hydrocarbon radical in- 
stead of a metal as is the case when true neutralization occurs. 
The similarity of the two processes will be evident from a com- 
parison of the reactions which take place in neutralization and 
esterification; 

(1) NaOH H*N 03 ->H 0 H -f- Na'NOa (neutralization) 

(2 ) CaHsOH + H* C 2 H 3 O 2 

HOH -f- CaHs'CaHaOa (esterification) 

In terms of structural formulas, the reaction between ethyl 
alcohol and acetic acid can be shown as follows; 
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H 0 H H 

I il i I 

H— C— C— 0— H -f H— C— C— OH -» 

H H H 

Acetic Acid + Ethyl Alcohol 

HO H H 

1 .11 I I 

H— C— C— 0— C— C— H + HOH 

I I 1 

H H H 

Ethyl Acetate -f- Water 

Ethyl acetate has a pleasant odor, suggestive of fruit. Other 
esters have similar pleasant odors and for this reason they are 
sometimes referred to as “ethereal salts.” The fragment odor 
of many flowers is due to the presence of esters. Extracts from 
flowers have provided the esters from which perfumes have 
been made, but many of these esters can now be synthesized in 
the laboratory. Oil oj wintergreen, which was formerly ob- 
tained by extracting the juices of the wintergreen plant, is an 
ester called methyl salicylate, C 6 H 4 (OH)COO • CH 3 . It is now 
made synthetically and is actually superior to that which was 
obtained from plants. Ethyl butyrate, C3H7COO* C2H5, is the 
ester that gives pineapples their characteristic odor. 

393. Saponification : soap. In Table 3 7, we listed palmitic, 
oleic, and stearic acids as examples of organic acids. The table 
also indicates that these acids may be obtained from certain 
fats by hydrolysis. These acids occur in fats, not in the free 
or uncombined condition, but as glyceryl esters. Table 38 
will make this clear. 

It is essential to remember that fats do not consist of fatty 
acids, but of esters of fatty acids like those listed above. A 
knowledge of the composition of these esters enables us to 
understand the chemistry of soap-making. 

394. Soap-making. The common fats consist of a mixture 
of glyceryl esters of fatty acids. For the sake of simplifying 
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TABLE 38 


Fatty Acids and Their Esters 


Name of 
Acid 

Formula of 
Acid 

Formula of Glyceryl 
Ester 

Source of 
Glyceryl 
Ester 

Name of 
Glyc.eryl 
Ester 

Palmitic 


CA(C,,H3,C00)3 

Palm oil and 
lard 

Glyceryl 

palmitate 

(Palmitin) 

Oleic. 

C1TH33COOH 

C3H3(C„H33C00)3 

Lard, olive oil, 
cottonseed oil 

Glyceryl 

oleate 

(Olein) 

Stearic 

C1TH33COOH 

C3H3(C„H33C00)3 

Beef or mutton 
tallow 

Glyceryl 

stearate 

(Stearin) 


the explanation, however, let us consider that a fat consists 
of glyceryl stearate. When this reacts with sodium hydroxide, 
sodium stearate, a soap, is formed: 

CaHsCCiTHasCOOla + 3 NaOH 3 NaCiTHssCOO + CgHsCOHla 
Fat + Soap -f Glycerin 

The process in which a fat unites with a base to form soap is 
known as saponification. If sodium hydroxide is used, a hard 
soap will be formed, but if potassium hydroxide is used, a soft 
soap will be formed. Glycerin is an important by-product. 

Since soap is a definite chemical compound, the quantities 
of fat and base must be carefully regulated; otherwise free fat 
or free alkali will be present in the finished product. The 
presence of free fat prevents lathering, while the presence of 
free alkali in a toilet soap would prove injurious to the skin. 
Under certain conditions, however, such as in the cleaning of 
very dirty floors in public buildings, the presence of a certain 
amount of free alkali is desirable. 

The fats and sodium hydroxide are heated by steam in huge 




Courtesy “Industrial and Engineering Chemistry" 
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kettles (Fig. 349). In addition, live steam is forced through 
the mixture to keep it agitated. This process continues for 
several days. When the mixture has attained the desired con- 
sistency, sodium chloride is added. Since soap is insoluble in 
concentrated salt solution, it rises to the top. This procedure 
is known as salting out. The glycerin is separated from the 
salt solution by distillation. This explanation describes the 


Fig. 348. Soap-making in Colonial days. Note the barrel at the 
left in which wood ashes were leached to extract potash to be 
heated with fats. 


essential steps in soap-making. In actual practice certain sub- 
stances, such as borax for softening water, coloring matter, 
abrasives, perfumes, and antiseptics, are added, depending 
upon the purpose for which the soap is to be used. Floating 
soaps contain colloidal air bubbles which make them less dense 
than water. 

How soap cleanses. Soap in solution is colloidally dispersed. 
It therefore exposes very large surfaces to dirt particles and 
adsorbs them. It is believed that the cleansing action of soap 
is largely due to the fact that it is able to emulsify oil and 
grease, and to adsorb particles of dirt and wash them away. 



Courtesy The Procter & Gamble Company 

Fig. 349, View o£ soap kettles from above and below, 
ties are about three stories high. 


sodium ions of the soap are replaced by calcium or magnesium 
ions. Calcium and magnesium soaps are insoluble, and no 
lather or suds can be formed until sufiBcient soap has been 
added to precipitate all the calcium or magnesium compounds 
which are present. The reaction between ordinary soap and 
hard water is explained by the following equation: 

CaSOi + 2 NafCnHsoCOO) CaCCnHssCOOls + Na 2 S 04 

Soluble soap Insoluble soap 
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TABLE 39 

Summary o£ the Classes o£ 
Hydrocarbon Derivatives 


' , Class .. 

Characteristic 

Group 

Example 

Formula of. Example 

Methane series hy- 
drocarbon 


Propane 

CH3.CH,-CH3 

Mono-chlor deriv- 
ative 

R— G1 

Propyl chloride 

CH3*CH2-CH2C1 

Alcohol 

R— OH 

Propyl alcohol 

CHgtCHjj-CH^OH 

Aldehyde 

R— CHO 

Propyl aldehyde 

CHg-CH^-CHO 

Organic acid 

R— COOH 

Propionic acid 

CHj-CHj-COOH 

Ketone 

R 

yCO 

R 

Acetone 

CH3 

CO 

CHa 


;:'.R~~0-^; 

Diethyl ether 

CHa-CH,-0-CH3-CH3 

Ester 

R— COO— R 

Ethyl acetate 

CHg-COO-CH^-CHg 
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The presence of such insoluble precipitates in water causes an 
objectionable film to be formed on laundered clothes and in the 
receptacles in which they are washed. It also adds consider- 
ably to the expense of laundering and washing, since much 
more soap is required. 



Courtesj* The Procter & Gamble Company 

Fig. 350. Large slabs o£ soap waiting to be cut into more convenient 


sizes. 

Reference to Table 39 will enable you to review the relation 
between hydrocarbons and their derivatives and will also pro- 
vide a summary of those types of compounds which have been 
emphasized in this problem. 


Problem Summary Exercises that Everyone Should Do 

1. Give the general formulas for six groups of hydrocarbon 
derivatives. 

2. Name two methods of making methyl alcohol. 

3. What are some uses of methyl alcohol? 

4. Describe the process by means of which the alcoholic fermen- 
tation of sugar takes place. Illustrate with an equation. 

5. What are some uses of ethyl alcohol? W^hy is ethyl alcohol 
often denatured? 
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6. Write the structural formulas for glycerin and phenol. Why 
are these compounds considered to be alcohols? 

7. In what respects are methanol, ethyl alcohol, glycerin, and 
ethylene glycol competitive products? 

8. Name some important uses of phenol Which one of these 
uses involves the largest consumption of phenol? 

9. Identify the following compounds according to the structural 
group to which each belongs: (a) formalin; (b) acetone; (c) ethyl 
oxide; (d) phenol 

10. How do organic acids differ from inorganic adds? 

11. Write the formulas for three organic acids. Of what impor- 
tance is acetic acid? 

12. Define the term “esters/’ What name do we give the process 
in which esters are formed? 

13. Referring to Exercise 12, what similar process occurs in the 
realm of inorganic chemistry? How do these processes differ? 

14. Write equations which illustrate the similarity between the 
reactions of inorganic acids and bases, and organic acids and alco- 
hols. 

15. Write an equation consisting of structural formulas in which 
you show the formation of an ester. 

16. Name two esters which have pleasant odors. In what way 
are the pleasant odors of esters utilized? 

17. Name three common esters of which fats are composed. 

18. Define the term “saponification,” and illustrate the process 
by means of an equation. 

19. Why must the quantities of raw material from which soap is 
made be carefully regulated? 

20. Explain the reaction that takes place between soap and hard 
water. Illustrate with an equation. 

PROBLEM 5: HOW MAY WE CLASSIFY THOSE 
CARBON COMPOUNDS WHICH PROVIDE FOOD 
AND CLOTHING, AND WHAT ARE SOME OF 
THEIR CHARACTERISTICS? 

Problem Assignment. Carbon compounds contribute 
to the needs of industry by supplying fuel to keep its ma- 
chinery in motion, and by supplying raw materials for the 

: manufacture of a great variety of products. They also pro- 
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vide the food we eat and the clothes we wear. Foods vary 
considerably in their composition but practically all of 
them can be classified into three well-defined groups. The 
materials from which cloth is made can also be classified 
into two groups of carbon compounds, depending upon 
whether the fiber is of plant or animal origin. Plant fibers 
are classified under cellulose, and animal fibers under pro- 
teins. Cellulose can be digested and assimilated by ani- 
mals, so that it may be correctly classified as a food, but 
man has been able to utilize cellulose for the manufacture 
of paper, artificial silk, and other chemical products. 

395. Foods. Foods are substances which are needed by 
the body to (1) provide heat and energy, (2) supply the ma- 
terials needed in tissue building, and (3 ) regulate the various 
physiological processes that take place. All foods can be clas- 
sified into carbohydrates, fats, and proteins. In addition to 
these, the body needs water, mineral matter, and another 
group of substances which occur in very minute quantities and 
which are known as vitamins. Ordinary sugar and starch are 
examples of carbohydrates; olive oil and butter are examples 
of fats; and lean meat, eggs, and cheese are examples of foods 
rich in proteins. 

396. Carbohydrates. Carbohydrates are defined as com- 
pounds which consist of carbon, hydrogen, and oxygen. Hy- 
drogen and oxygen are present in the same proportions as in 
water. Most carbohydrates have their origin in plant life. 
They are usually classified into the following groups: (1) 
sugar, (2) starch, and (3) cellulose. 

(1) Sugar. There are many varieties of sugar, but the kind 
that is most familiar to us, because it is the most widely used, is 
sucrose, C 12 H 22 O 11 . .Sucrose is obtained from sugar cane and 
the sugar beet. This kind of sugar is also present in maple 
syrup and honey. Sugar cane and sugar beets, however, pro- 
vide most of the world’s supply of sucrose. The composition 
of sucrose from either source is identical. Sugar cane contains 
from 12 to 16 percent of sucrose and sugar beets contain from 
IS to 20 percent. 
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Sucrose is obtained from sugar cane by crushing the stalks 
between rollers (Fig. 3S1). When obtained from beets, the 
beets are sliced and soaked in water in which the sugar dis- 
solves. In either 
case, the sugar solu- 
tion is subjected to 
certain preliminary 
treatment to remove 
the impurities. The 
filtered sugar solution 
is then evaporated in 
vacuum pans at a 
temperature of about 
65° C. Controlling 
the temperature in 
this way prevents the 
sugar from charring. 
The solution becomes 
concentrated, and, as 
it cools, the sugar 
crystallizes out and is 
separated from the 
“mother liquor” by 
centrifugal machines 
(Fig. 352). Practi- 
cal considerations 


Fig. 351- The upper portion o£ this pic- 
ture shows sugar cane after being cut into 

small pieces by revolving knives, after fbp rAmr\1pfp 

which the cane passes through crushing , 

rollers. The lower part of the picture 
shows the finely ground sugar cane after 
it has passed through the crusher. 


separation of all the 

sugar from its solu- 
tion. The syrup 
which remains when cane sugar is removed is known as mo- 
lasses. The crude sugar obtained by the method which has just 
been described is then subjected to further refining by dissolv- 
ing it in water and filtering it through boneblack, after which it 
is again heated in the vacuum pans to be re-crystallized. 

When sucrose is heated to a temperature of about 210° C., 
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it undergoes partial decomposition and forms a brown-colored 
substance known as caramel. Caramel is widely used as a 
coloring agent in liquors and in the preparation and flavoring 
of confections. 

When a solution of sucrose, to which a little acid has been 
added, is heated to a temperature of about 70° C., the sucrose 
is converted into two simpler isomeric sugars known as dex- 
trose dSid levulose: 

G12H22O11 H2O — > CeHi 208 -j- C 6 Hi 20 e 

Sucrose Dextrose Levulose 

The acid is not shown in the equation because it acts as a 
catalyst. The sucrose in this reaction is said to be inverted, 
and the mixture of dextrose and levulose is known as invert 
sugar. 

Lactose, C12H22OH • H2O, is commonly known as milk sugar 
and has a formula identical with sucrose, but in addition it has 
water of crystallization. It is a constituent of milk. Because 
of the action of lactic acid bacteria, lactose is converted to 
lactic acid, H • C3H5OS, and it is this change which is respon- 
sible for the souring of milk. Lactose is used to modify the 
composition of milk which is fed to infants, and is also used in 
the preparation of medicinal pills. 

Maltose, C12H22O11 *1120, is obtained from malt. Malt is 
the name given to barley which has been moistened, allowed to 
sprout, and then heated until it is dry. During this process, an 
enzyme called diastase is formed which converts some of the 
starch in the barley into maltose. This sugar is somewhat 
similar to sucrose, but is not nearly so sweet. 

Dextrose, C6H12O6, is often called grape sugar or glucose. It 
occurs in many fruits, particularly in ripe grapes. We have 
shown that it is one of the products formed when a solution of 
sucrose is heated with hydrochloric add. Dextrose is a white, 
crystalline solid which has properties somewhat similar to 
sucrose but is much less sweet. 

Large quantities of dextrose are prepared for commercial 




Looking down from^ above into 
the centrifugal machine in which 
the sugar crystals are separated 
from the syrup. 


A sugar vacuum pan 
in which the sugar 
solution is heated 
under reduced pres- 
sure to increase its 
concentration. 


OGurtssy xjOlQ 

Sugar Refining Company 

of New Jersey 


In this apparatus the sugar solu- 
tion is filtered through boneblack 
in order to clarify it. 


Fig. 352. The rehning of sugar. 
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use by heating starch with water and hydrochloric acid. The 
acid is a catalyst: 

(CeHioOs)n ”(■ n H2O — > n C6H12O6 

After the change has been completed, sodium carbonate is 
added to neutralize the acid and the liquid is then evaporated. 

Dextrose, under the commercial name of glucose, is used 
extensively in the preparation of candy, table syrup, jams, and 
jellies. It is wholesome, nutritious, and easily assimilated. It 
is not so sweet as sucrose but because it is cheaper it is some- 
times used as a substitute. The food value of dextrose is 
considerably less than that of sucrose. The presence of dex- 
trose can easily be determined by heating the sugar with Feh- 
ling’s solution. The formation of a brick-red precipitate of 
cuprous oxide indicates that dextrose is present. 

Levulose, C8H12G6, is also known as fruit sugar. It is often 
associated with dextrose in the same fruits and in honey. A 
comparison of the formulas of dextrose and levulose shows 
that these sugars are isomeric; their structural formulas ac- 
count for their being different compounds. Sucrose, maltose, 
and lactose are also isomers. Isomerism among sugars is very 
frequent: 


Dextrose 

Levulose 

H 

H 


H— C— OH H— C— OH 

I 1 

H— C— OH H— C— OH 


H— C— OH 


H— C— OH 
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(2) Starch. Starch, (C6HioOg)n, is our most abundant and 
widely distributed food. It is synthesized by plants from car- 
bon dioxide and water through the agency of the chlorophyll 
in green leaves and the energy from the sun. The process is 
called photosynthesis and it is believed that it takes place in 
stages. For our purposes, however, the reaction may be ex- 
pressed by the following equation: 

6 CO 2 -4- 5 H 2 O CfiHioOg + 6 O 2 

In this equation, we have shown the formula of starch as 
CeHioOg. This is its simplest formula and is the most con- 
venient to use. The molecule of starch is very large, but be- 
cause starch does not vaporize and because it is insoluble, its 
true formula is not definitely known. That is why its formula 
is frequently written (CeHioOs)^. 

The chief commercial source in the United States is corn, 
which contains about sixty percent starch. In Europe, pota- 
toes are the most important source. Rice is also an important 
source of starch. Starch consists of very small granules which 
vary in size and in other characteristics for each t 3 q)e of plant 
(Fig. 353). It is therefore possible to determine by micro- 
scopic examination the source from which the starch has been 
obtained. 

Starch is insoluble in cold water. When heated in water, the 
starch granules, which are enclosed by a cellulose membrane, 
burst, and a colloidal dispersion of starch, known as starch 
paste, results. The bursting of starch granules when heated 
explains why starchy foods are more digestible when thor- 
oughly cooked. Starch is used for stiffening clothes, for mak- 
ing paste and sizing, for the preparation of foods, and as a 
source of glucose for the manufacture of alcohol. 

When dry starch is heated and the temperature is carefully 
controlled to prevent charring, a sweet-tasting substance called 
dextrin is formed. It may also be prepared by the action of a 
dilute acid on starch. Dextrin and starch have the same em- 
pirical formula, (CeHioOg))!. When mixed with water, dextrin 
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forms a sticky gummy substance that finds application as an 
adhesive for postage stamps, envelopes, and for the preparation 
of mucilage. 


Courtesy Microanalytical Division, U, S. Food and Drug Administration 

Fig, 353. Photomicrographs of starch granules from diEerent 
sources. 1, Corn; 2, Barley; 3, Potato. 

(3) Cellulose, (CoHio 05 )x. Cellulose is the material which 
composes the framework and cell walls of plants. Like starch, 
its simplest formula is CeHioOs, but unlike starch it occurs as 
fibers. Wood, cotton, straw, and linen are composed chiefly 
of cellulose. The better grades of filter paper are almost pure 
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cellulose. Cellulose is not a food for human beings in the same 
sense that sugar and starch are, but we mention it here to 
complete our discussion of the three tjT^es of carbohydrates. 

Like starch, cellulose can be converted into dextrose by 
treatment with acids, but the action takes place much more 
slowly: 

(CgHioOs)^ X H2O — > X C6H12O6 

Some cellulose wastes, like sawdust, are converted by this 
chemical process into sugar, and the sugar in turn is converted 
to alcohol by fermentation. It is more than probable that a 
great deal of the cellulose waste material from the farm and 
forest may some day be utilized by chemical conversion into 
products suitable for food for man and animals. 

397. Fats. Fats that are used for food are obtained from 
plants and animals. They may occur either as solids or liquids. 
Olive oil, butter, and lard are familiar examples of fats. Fats 
are composed of carbon, hydrogen, and oxygen, and as we have 
explained in Section 393 are, for the most part, mixtures of 
glyceryl esters of fatty acids. Fats and oils constitute our most 
important fuel foods. When oxidized in the body, they pro- 
vide more than twice as much energy as carbohydrates per 
unit of weight. 

Certain oils, such as cottonseed oil, coconut oil, and fish oil, 
because of their color, odor, or other objectionable character- 
istics, are undesirable for use in the home and for industrial 
purposes. These oils, when treated with hydrogen in the pres- 
ence of a suitable catalyst, are converted into solids that are 
free from objectionable features and can be used for food or 
for making soap or candles. This process is known as hydro- 
genation of oils and has greatly extended the world’s available 
supply of solid fats. 

398. Proteins. Proteins are complex compounds consisting 
principally of carbon, hydrogen, oxygen, and nitrogen. They 
may also contain other elements, such as sulfur and phosphorus. 
In comparing the composition of carbohydrates, fats, and pro- 
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teins, we see that all three groups contain carbon, hydrogen, 
and oxygen in varying proportions. Proteins differ in that they 
always contain nitrogen as an essential part of their composi- 
tion. Because of their very complex structure, the formulas 
for proteins are extremely difficult to determine. 

Proteins are an indispensable part of our diet. They provide 
the nitrogen which is necessary for the construction of all those 
bodily tissues that are nitrogenous in their composition. They 



t?Tom ' JLne isewer ix.nowieage ot JNutrition” by ill. V. jkicCuilom. 
By perxoission of The Macmillan Company, publishers. 


Fig. 354. These two rats were o£ the same age when photographed. 
They started out under identical conditions at weaning time but vita- 
mins were withheld from the one on the left. 


are also a useful source of energy. Lean meat, poultry, fish, 
eggs, peas, and milk are some foods which are rich in proteins. 

399. Vitamins. Vitamins are very complex organic com- 
pounds which are present in varying minute amounts in many 
foods. Through the classic experiments of Eijkman, Hopkins, 
Funk, McCollum and Davis, Osborne, and Mendel, as well as 
of others, it has been abundantly and effectively demonstrated 
that vitamins are essential to the growth and health of the 
body. These experiments have proved that although carbo- 
hydrates, fats, proteins, and mineral matter are supplied in 
sufficient amounts, life cannot adequately be maintained with- 
out vitamins (Fig. 354). Vitamins have been classified on the 
basis of their properties and of their functions, and are desig- 
nated by capital letters. The functions that are attributed to 
the various vitamins and some foods in which each may be 
found are shown in Table 40 on the next page. 
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TABLE 40 


Functions and Sources of the Vitamins 


' Vitamin 

Function 

Sources 

A 

Promotes growth; provides 
resistance to infection of 
the eye and the respira- 
tory system 

Cod-liver oil, halibut-liver 
oil, milk, and green leaf 
vegetables 


Prevents beriberi, a disease 
characterized by inflam- 
mation of the nerves 

Yeast, lean pork, and whole 
cereals 

G 

Prevents scurvy 

Oranges, lemons, grapefruit, 
and tomatoes 

D 

Prevents rickets and other 
bone diseases 

Cod-liver oil and halibut- 
liver oil ; certain foods ir- 
radiated by ultraviolet 
rays 

,E 

Necessary for reproduction 
in animals 

Lettuce, meats, and wheat 
germ 

P-P 

Prevents pellagra 

Buttermilk, yeast, green vege- 
tables, liver, beef, and 
salmon 


Since vitamins are present in such extremely small amounts, 
often only one part in a million, the determination of their com- 
position and the successful isolation of several of them is a dis- 
tinguished achievement. Vitamins A and C have been ob- 
tained in the pure condition, and components of vitamins B 
and D have been obtained. 

Although the absence of vitamins may lead to serious condi- 
tions, it is not necessary for us to give unusual attention to 
them. Since they are normally present in many foods, our best 
assurance of getting the vitamins we need is to provide our- 
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selves with a balanced diet. This can be easily accomplished 
if, instead of concentrating upon meat, bread, and potatoes, we 
eat a reasonable amount of the so-called protective foods: 
namely, milk, fresh vegetables (especially the leafy varieties), 
and fruits. 

400. Textiles. The term textiles refers, generally, to pro- 
ducts which are woven from fibers. Cloths made from cotton, 



Courtesy Microanalytical Division, D, S. Food and Drug Adminisirauuu 


Fig, 355. Fibers seen through the microscope. Left, cotton 
fibers; right, linen fibers. 

wool, or silk are well-known examples of textile products. 
Fibers are classified as natural or Examples of 

natural fibers are those obtained from cotton, flax, silk, and 
wool. Cotton and flax are referred to as plant fibers, while 
wool and silk are referred to as animal fibers. Artificial fibers 
are represented by the various forms of ray ora. 

Cotton and linen are not easily distinguished from each other 
by chemical methods. Cold concentrated sulfuric acid dis- 
solves cotton in about two minutes, while new unlaundered 
linen is only slightly affected in that length of time. But after 
the linen has been laundered a number of times, it resembles 
cotton much more closely. It is always desirable to use a 
microscope, in addition to chemical tests, for distinguishing 
fibers (Fig. 355). Plant fibers are resistant to alkalies, but 




Courtesy aiicroanalyticai Division, U. S. Food and Drug Administration 

Fig. 356. Fibers seen through the microscope. I 


process, it acquires a silky luster, increased tensile strength, 
and added capacity for absorbing dyes. Cotton which has been 
treated in this way is known as mercerized cotton. 

401. Animal fibers. Silk consists largely of a protein com- 
pound called fibroine. Other conditions being equal, silk fibers 
have a greater tensile strength than other fibers. They have 
the capacity for absorbing water to a considerable extent. The 
process by means of which this amount of water is determined 
is known as conditioning. Silk is often weighted by the addi- 
tion of tin salts at the time it is dyed. This not only adds 
luster and body to the silk but compensates for losses in weight 
when the fiber is boiled preparatory to spinning. A certain 
amount of weighting is not only permissible but desirable, 


678 MODERN-LIFE CHEMISTRY 


animal fibers dissolve in them. This property is often used 
to determine whether cotton fibers have been added to wool. 
The action of cold concentrated hydrochloric acid on fibers 
also aids in their identification. This reagent has little effect 
on wool; silk dissolves in it slowly; but plant fibers are quickly 
destroyed by it. When cotton is immersed in concentrated 
sodium hydroxide solution, and kept stretched during the 


Fibers seen through the microscope, 
right, wool fibers. 
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but when excessive it may cause the silk to crack easily and to 
deteriorate. 

Wool is a textile fiber of protein composition and is obtained 
for the most part from sheep. Like silk, it will absorb moisture. 
Since wool dissolves in an alkaline solution, woolen clothing 
should not be washed with soaps which contain free alkali. 
The water should be only lukewarm, since hot water also causes 
chemical changes to take place in wool. Because it is a better 
non-conductor of heat, clothing made from wool is much 
warmer than that made from cotton; for the same reason, cot- 
ton clothing is cooler for summer wear. 

402. Artificial fibers. Rayon is a general term used to 
describe certain fibers which have the appearance of silk, but 
which are made from cellulose by a number of different meth- 
ods. One of the methods by means of which rayon is formed 
is to force pyroxylin solution through very minute openings 
from which they emerge as threads. These threads are washed 
to remove excess chemicals and are then dried and spun. Rayon 
is also made from cellulose acetate and from viscose (Fig. 357). 
When rayon is made from cellulose acetate, the cellulose is 
treated with acetic anhydride. When made from viscose, the 
cellulose is first treated with sodium hydroxide and then with 
carbon disulfide to form a liquid of gelatinous consistency 
known as viscose. The mechanical treatment of cellulose ace- 
tate or viscose to form threads is similar to that used in the 
formation of rayon from nitrocellulose. 

Rayon from viscose leads in quantity of production because 
it is cheaper to manufacture, and because it takes dyes more 
effectively. Rayon made from cellulose acetate is sometimes 
referred to as celanese. Rayons, generally, have been called 
“artificial silk,” a name which is incorrect, even though rayon 
does have the appearance of silk. Because of continued im- 
provements in technical processes, rayon now has practically 
all of the desirable properties of silk and is much cheaper. 
For these reasons this industry has grown to very large pro- 
portions. Rayon consumption in the United States has reached 
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as high as 256,000,000 pounds in one year and there is every 
indication that its use will continue to increase. 

Another product made from viscose is cellophane. In this 
case, the viscose is forced through a very thin, wide slit, and 
as it emerges it forms sheets. The transparency of cellophane, 
which enables one to see merchandise in its package, has made 
this cellulose product a very popular wrapping material. 

403. The paper industry. The use of paper is so common 
and so widespread that its importance may not be generally 
appreciated. Its value would undoubtedly be much better un- 
derstood if we tried to imagine the conditions that would exist 
if paper were not available. 

Paper consists essentially of a large number of small fibers, 
matted and interlaced so that they form a continuous surface. 
The fibers consist of cellulose. There are several sources of 
cellulose, such as rags, straw, esparto (a grass chiefly grown 
in North Africa and in Spain), jute, and Manila hemp. But 
the most important source of cellulose for paper-making is that 
which is obtained from certain trees. The wood is converted 
by mechanical and chemical processes to a condition known as 
pulp. It is then washed, screened, and given special treatment, 
depending upon the kind of paper desired. The pulp is mixed 
with a relatively large quantity of water and is conducted to an 
endless moving and vibrating wire screen which allows the 
water to fall through, but whose meshes are fine enough to re- 
tain the fibers. The fibers become matted and felted together, 
forming paper. The paper is then dried by passing it first 
through press rolls and then over steam-heated cylinders. 

Ground wood or mechanical pulp may be used without 
chemical treatment. For the manufacture of newspaper, it is 
mixed with chemically treated fibers and passed directly to the 
paper-making machine. The better grades of paper, however, 
are made from chemical pulps, the mxa& of the pulp depend- 
ing on the type of chemical employed. The most widely used 
process is the sulfite process, in which the spruce, balsam, and 
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hemlock logs are reduced to chips and cooked in a solution 
containing calcium bisulfite, Ca(HS 03 ) 2 . The calcium bisul- 
fite is commonly formed by the reaction of limestone and water 
with sulfur dioxide, and less frequently by saturating slaked 
lime with sulfur dioxide. The non-cellulose parts of the wood 
are dissolved by the calcium bisulfite and removed. This 
leaves a pulp which is suitable for paper-making and is known 
as sulfite pulp. 

During the process of its manufacture, paper is subjected to 
certain refining, depending upon the purpose for which it is to 
be used. The fibers are beaten, dyed, and sized. Beating splits 
the ends and softens their edges. Dyes are added to give any 
desired color. ’ Sizing produces a paper that is resistant to ink, 
so that when it is used for writing the ink does not spread. 
Such chemicals as starch, glue, resin, alum, calcium sulfate, 
calcium carbonate, and others are added, depending upon the 
characteristics desired. 


Problem Summary Exercises that Everyone Should Do 

1. How are foods defined? Into what groups are foods clas- 
sified? 

2. Define the term “carbohydrates.” Of what groups of com- 
pounds are carbohydrates composed? 

3. Give the formula for sucrose. From what sources is sucrose 
obtained? 

4. Describe briefly how sucrose is made. 

5. What is invert sugar? How is it made? Illustrate with an 
equation. 

6. Identify the following sugars and indicate the source of each 
one: (a) lactose; (b) maltose; (c) dextrose; (d) levulose. 

7. What is meant by photosynthesis? Write an equation which 
illustrates this process. 

8. What is the chief commercial source of starch in the United 
States? In Europe? 
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9. What is cellulose? How can cellulose be treated chemically 
to make it a possible source of food? 

10. Describe the composition of fats. Of what kind of com- 
pounds do fats consist? 

11. What is meant by hydrogenation of oils? Of what impor- 
tance is this process? 

12. What element distinguishes proteins from carbohydrates and 
fats? Why are proteins an indispensable part of our diet? 

13. Give a brief description of vitamins. How may those who 
are in normally good health obtain the vitamins they need? 

14. How are the fibers from which textiles are made classified? 

15. How may cold concentrated hydrochloric acid be used as an 
aid in identifying plant and animal fibers? What is mercerized 
cotton? 

16. What precautions should be taken in washing woolen cloth- 
ing? Why? 

17. Describe the preparation of rayon. From what raw materials 
is it made? By what modification of the process is cellophane made? 

18. Describe briefly the preparation of paper. 

19. What is meant by the refining of paper? 

IIL OPTIONAL MATERIAL FOR THE UNIT 

ADDITIONAL PROBLEM SUMMARY EXERCISES 

1. Make a diagram of the atomic structure of carbon and explain 
why it should be expected to act either as a metal or a non-metal. 
How does it usually act? 

2. Make a table in which you compare the properties of the allo- 
tropic forms of carbon. 

3. Under what conditions may the oxidation of carbon form two 
products? 

4. What theory accounts for the formation of diamonds and 
coal? 

5. By what methods could you distinguish between bituminous 
and anthracite coal? 
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6. What is meant by the statement that the ultimate source of 
all of our energy is the sun? 

7. Make a table in which you compare the properties of carbon 
dioxide with those of carbon monoxide. 

8. What natural processes contribute carbon dioxide to the air? 
What are some industries in which carbon dioxide is a by-product? 

9. Given two unlabeled samples of colorless gases, how could you 
determine, by chemical tests, which was carbon monoxide and which 
was carbon dioxide? 

10. Why is carbon dioxide usually collected by the displacement 
of water, rather than by the displacement of air? 

11. Given a mixture of carbon dioxide and carbon monoxide, how 
could you separate these two gases from each other? 

12. Why is it very difficult to revive a person who has collapsed 
from the effects of carbon monoxide? 

13. Write equations, using carbon monoxide, for the formation 
of methane; for the formation of phosgene, COCI 2 . 

14. Make a table in which you compare gaseous fuels with re- 
spect to the following items: (a) source; (b) method of prepara- 
tion; (c) composition; (d) fuel value; (e) uses. 

15. How could you identify the products formed in the combus- 
tion of acetylene? 

16. What advantages does kerosene have over gasoline for illumi- 
nating purposes? 

17. Why is gasoline vapor mixed with air in the carburetor before 
it is introduced into the cylinders of an engine? 

18. What reasons can you give which explain the large number of 
carbon compounds? 

19. Using methane, methyl alcohol, formaldehyde, acetone, and 
ether, illustrate, by means of formulas, how each of these compounds 
is the first of a homologous series. 

20. By means of structural formulas, see how many isomers of 
hexane, QH^, you can construct. 

21. Since the combustion products of both methyl alcohol and 
ethyl alcohol are carbon dioxide and water, how could you distin- 
guish these two alcohols from each other by chemical means? 
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22. Compare the properties of organic acids with those of inor- 
ganic acids. 

23. Distinguish between acetic acid fermentation and alcoholic 
fermentation, and show the circumstances to which each process 
applies, 

24. Make a list of common organic substances which are used in 
the home. 

25. Why are petroleum oils not classified with oils obtained from 
plants or animals? 

26. Distinguish between hydrocarbons and carbohydrates. Why 
are carbohydrates a very important group of compounds? 

27. Explain in detail why quantity alone does not provide an ade- 
quate diet with respect to the food we eat. 

28. By what method would you plan an adequate diet? 

29. How would you be able to detect the presence of other fibers 
in a cloth which had been sold to you for ^^pure wool”? 

EXERCISES IN CHEMICAL ARITHMETIC 

1. What volume of carbon dioxide can be obtained by the com- 
plete combustion of 40 g, of carbon? 

2. Calculate the percentage composition of ordinary cane sugar. 

3. What volume of air would be required for the complete com- 
bustion of 2 tons of coal which contained 85% carbon? 

4. 500 cc. of carbon dioxide was obtained by the reaction be- 
tween calcium carbonate and hydrochloric acid. What was the 
weight of the calcium carbonate used? Of the hydrochloric acid 
used? 

5. It is desired to prepare a liter of carbon monoxide. What 
weight of formic acid will be required? 

6. How many grams of calcium carbide are needed for the prep- 
aration of 2500 cc. of acetylene? 

7. Assuming the formula of kerosene to be CioH 22 j what volume 
of air would be needed for the complete combustion of 2 kilograms? 

8. Calculate the vapor density and the molecular weight of 
methane from the weight of one liter of this gas, which is .72 g. 
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9. What weight of glycerin could be obtained from the reaction 
between 200 g, of glyceryl stearate and a sufficient quantity of 
sodium hydroxide? 

10. In the reaction between ethyl alcohol and nitric acid^ 340 
g. of ethyl nitrate were formed. What was the weight of each of 
the reacting substances? 

TOPICS FOR INVESTIGATION AND REPORTS 

1. Famous Diamonds of History 

2. Electrochemical Industries 

3. Industrial Applications of Refractory Materials 

4. Abrasive Materials and Their Uses 

5. The Use of Carbon in the Preparation of Writing Materials 

6. Manufacture of Industrial Preparations from Colloidal Car- 
bon 

7. Utilization of the Products from the Destructive Distillation 
of Coal 

8. The Carbon Cycle in Nature 

9. History of the Soda Water Industry 

10. Methods for Protection Against Carbon Monoxide 

11. The Importance of Fuels to Our Modern Civilization 

12. A Comparison of the Advantages and Disadvantages of Vari- 
ous Fuels 

13. Products and By-Products of the Petroleum Industry 

14. Potential Sources of Petroleum in Oil Shale 

15. Possible Sources of Fuel for Internal Combustion Engines 
Other Than That Obtained from Petroleum 

16. The Relation of Chemistry to Welding 

17. The Story of Wohler and His Synthesis of Urea 

18. Preparation of Some Important Organic Commercial Prod- 
ucts by Synthesis 

19. The History of Anesthesia 

20. The Importance of Organic Solvents in Industry 

21. The History and Development of Soap-Making 



688 


MODERN-LIFE CHEMISTRY 


22. Some Important Drugs Obtained from Coal Tar 

23. The Products That Can Be Obtained from Corn 

24. Utilization of Waste Cellulose Products 

25. Development of Methods for the Preparation of Artificial Silk 

26. Early History and Development of Paper-Making 

27. Origin and Development of Synthetic Dyes 

28. Synthesis of Perfumes and Flavors 

29. The Preservation of Foods 

3G. The Discovery of Vitamins and Hormones 

31. Kekule and His Work on the Benzene Ring 

32. Relations Between Organic Chemistry and Patent Medicines 

33. Famous Organic Chemists of the Past and Present 

IV. UNIT RECITATION AND TEST 

TOPICS FOR ORAL OR WRITTEN RECITATION 

1. Occurrence, Preparation, and Properties of Allotropic Forms 
of Carbon 

2. Uses of Various Forms of Carbon 

3. Preparation and Properties of Carbon Dioxide 

4. Uses of Carbon Dioxide 

5. Preparation and Properties of Carbon Monoxide 

6. Uses of Carbon Monoxide 

7. Determination of Calorific Value 

8. Solid Fuels: Anthracite and Bituminous Coal 

9. Products of Destructive Distillation of Coal 

10. Refining of Petroleum: Cracking 

11. Liquid Fuels: Gasoline, Kerosene, Fuel Oil, Alcohols, Ben- 
zene 

12. Gaseous Fuels: Natural Gas, Coal Gas, Water Gas, Producer 
Gas, Acetylene 

13. Flames and Explosive Mixtures 

14. Hydrocarbon Series 
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15. Homology^ Isomerism, and Polymerism 

16. Structural Formulas 

17. Derivatives of the Hydrocarbon Series 

18. Substitution and Addition Products 

19. Alcohols, Aldehydes, Ketones, Ethers, Organic Acids, and 
Esters 

20. Saponification and Soap-Making 

21. Foods: Composition and Classification 

22. Carbohydrates: Sugar, Starch, Cellulose 

23. The Carbohydrate Industries 

24. Hydrogenation of Oils 

25. Vitamins 

26. Textiles: Plant, Animal, and Artificial Fibers 

27. Paper-Making 
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Courtesy Consolidated Edison Company 


How many different things shown in this modern kitchen can you 
identify as being a product of chemistry? 



404. Chemical research. The chemist’s work is never 
done. In government, industrial, and educational laboratories 
all over the world the ceaseless search continues for new facts, 
new products, and new applications of basic principles. In 
the United States alone, nearly three hundred million dollars 
is invested in scientific research every year, most of which is 
spent in some branch of chemistry. Thousands of men and 
women are constantly engaged in the challenging work of re- 
checking some theory, improving some industrial process, or 
developing better products for the consumer. 

We shall see how some of the chemical advances of the last 
few years are already serving fundamental human needs. 

Recent Chemical Contributions to Health and Safety 

405. Drugs and medicinals. Probably no chemical prod- 
uct of the last few years has received greater publicity or 
promised greater value for the future than sulfanilamide. For 
ages it has been the goal of chemistry and biology to find chem- 
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ical substances capable of destroying infectious agents with- 
out doing harm to the human system. The discovery of the 
effectiveness of sulfanilamide in this respect gave renewed 
hope in the possibilities of chemotherapy, and unleashed scien- 
tific forces the world over to experiment with this drug. 

Sulfanilamide is a rather complex organic chemical which 
has been developed from certain organic dyes as the starting 
point. By chemically modifying molecular architecture, sev- 
eral hundred relatives of sulfanilamide have been prepared and 
their therapeutic properties studied in experimental infections. 
Their properties differ widely. Few of these drugs, however, 
have shown greater promise than sulfanilamide itself. The 
chemical nature of this drug is indicated by its structural 
formula : 
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It has been used successfully in the treatment of streptococcal 
infections, scarlet fever, erysipelas, meningitis, and other in- 
fectious diseases. A close relative, called sulfapyridine, has 
proved especially effective in treating certain types of pneu- 
monia; its structural formula follows: 
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It should be remembered that all drugs are capable of doing 
harm if not properly used. Sulfanilamide, like nearly all other 
drugs, should be used only with the advice and under the care 
of a competent physician. Even when they take the drug 
under a physician’s care, some patients develop fever, nausea, 
and other toxic symptoms after the administration of sulfan- 
ilamide. But these effects are not serious enough to offset 
the tremendous values of the drug. Present results of research 
justify great hope that the not-too-distant future will bring 
about the discovery of molecular structures which have the 
potential properties needed to annihilate pathogenic bacteria 
and to free mankind from the destructive power of disease. 

406. Vitamin facts. In the early days of vitamin research 
and discovery, when their chemical identity was unknown, the 
vitamins were designated by letters of the alphabet. It is 
scarcely possible to say there is a specific number of vitamins 
because of differences of opinion, ambiguities of identity, and 
so on. Today, however, ten to fifteen chemically distinct vita- 
mins are recognized, and nine of them have been synthesized. 
With this increased knowledge of the chemical nature of vita- 
mins, rational changes in the system of naming have been 
possible and necessary. The following tabulation summarizes 
the present knowledge of vitamins. 

Vitamin A has been isolated as a natural oil. Its chemical 
nature and formula are known, but as yet no short chemical 
designation has been adopted. It is present in the eyes of 
higher animals and is essential for vision. A similar sub- 
stance called vitamin Ag serves the same purpose in some 
fishes. 

Vitamin B was found to be a complex and variable mixture 
rather than a single substance, as at first supposed. Several 
of its factors have now been isolated and identified. Vitamin 
Bi is known chemically as thiamin, and is the antiberiberi or 
antineuritic factor. It is unstable to heat. The heat-stable 
portion of vitamin B included Bj, also called G, which is now 
known to be riboflavin. Another factor is the pellagra-preven- 
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Fig,^ 359* Here is a laboratory where vitamin research is being 
carried on with white rats. The animals are kept on controlled diets, 
and observations are made daily of their weight and condition. 
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tive factor (P-P), now known to he nicotinic acid. Still an- 
other component associated with the heat-stable portion of vita- 
min B is designated as Another is caSied pantothenic acid, 
from the Greek word meaning “from everywhere,” because it 
is found in all living tissues. Other vitamin B components 
have been postulated, such as Bg; B4; and B5, the antigray-hair 
factor. There is no direct evidence as yet whether or not these 
three components are concerned in human nutrition. 

Vitamin C has been isolated in pure form and designated 
chemically ascorbic because it prevents scurvy. A re- 
lated hypothetical substance is called vitamin P. 

Vitamin D, die antirickets vitamin, is still spoken of as if it 
were a single substance, for although at least ten chemically 
distinct forms of it are known, their physiological effects are 
similar. There are substances termed “provitamins,” because 
they are convertible into vitamins. The provitamins of D are 
activated and transformed into vitamin D when exposed to 
ultraviolet radiations from the sun or other suitable sources. 

Vitamin E also seems not to be a unique compound, for at 
least three different substances have been shown to have the 
activity of vitamin E, which has to do with reproductive fer- 
tility. 

Vitamin K participates in blood-clotting and prevents hem- 
orrhage. Two chemical substances, designated as Ki and Kg, 
have been shown to have this activity. Ki has been isolated, 
identified, and synthesized. 

There is evidence to indicate that there are still other essen- 
tial dietary factors. Their significance in human nutrition and 
metabolism is unknown, however, and further research is 
awaited. 

All of the vitamins have been discovered through a recogni- 
tion of what they do. Only later came a recognition of what 
they are. They are, in fact, very diverse chemical substances. 
Some are oils, such as vitamins A, D, E, and K. Most of the 
others are white crystalline solids, but riboflavin is highly 
colored. Some contain only carbon, hydrogen, and perhaps 
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one oxygen atom. Many others also contain nitrogen. Thia- 
min, in addition to containing the other elements named, also 
contains sulfur. 

As a class the vitamins have nothing in common chemically 
except that they are each component parts of some catalyst 
or enzyme which is necessary to one or another of the body 
processes. They are thus go-betweens in the process of nour- 
ishing the cells of the body, of enabling nerves to respond to 
stimuli, of supplying energy for muscular work, and of form- 
ing the image in the retinas of our eyes. A deficiency of each 
vitamin causes a specific disease, such as beriberi, pellagra, 
scurvy, or rickets, but as a rule many functions and tissues 
are adversely affected, although the conspicuous symptoms 
may appear in only one part. 

Therefore it is natural that physiological vitamin activity 
has been emphasized to the consuming public. A regular vita- 
min fad has developed in America in the last ten years. You 
can get your vitamins at almost every drug, grocery, and de- 
partment store — even from mail-order houses. You are told 
you can get them in plain or de luxe style, in dozens of forms 
and products — spills, pellets, emulsions, milk, breakfast food, 
candy, soap, toothpaste, cosmetics, etc. The sale of vitamin 
products totals nearly one hundred million dollars annually. 

In view of all this and the deluge of vitamin advertising over 
the counter, on packages, over the radio, and elsewhere, the 
consumer would do well to ask: What are the facts? Recently 
the Federal Food and Drug Administration set up certain rules 
and regulations covering all the vitamins. The American 
Medical Association has consistently decried the indiscrimi- 
nate fortification of foods, drugs, and cosmetics with vitamins, 
but approves certain actions, such as adding vitamin D to 
milk. The best authorities still say you cannot buy sunshine 
in soap or face cream. Scientists, always cautious, warn con- 
sumers against htli&vlng everything claimed for vitamin prod- 
ucts, but believe that certain vitamin preparations are of great 
benefit if wisely used. 
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Many people, perhaps most people, get all the vitamins they 
need from a well-balanced diet and frequent exposure of the 
skin to sunshine. Yet there is good reason to believe that our 
artificial ways of life, and especially our extensive use of re- 
fined foods, deprive great numbers of people, especially those 
in the lower-income groups, of some of the vitamins which 
would benefit them. Increasing knowledge of the subject is 
slowly causing manufacturers to improve the quality of staple 
foods in this respect. In the meantime, expectant mothers, 
babies, young children, persons recuperating from illness, and 
others who think they may need vitamins in some special form 
should consult a physician. 

Leaders in the field of vitamin and nutrition research believe 
that vitamin therapy is now writing a new chapter in the 
annals of medicine which is quite as revolutionary as was Pas- 
teur’s doctrine in the last decade of the nineteenth century. 
Dr. Russell M. Wilder, Chairman of the Food Council of the 
American Medical Association, recently wrote : “In my opinion 
the widespread existence of nutritional deficiencies has now 
become the medical and public health problem number one.” 

407. Fire safety. Losses of life and property by fire still 
constitute one of the major tragedies and problems in our coun- 
try. Anything that contributes to a reduction of such losses 
deserves praise. Recent years have brought some noteworthy 
results along this line. For example, fire prevention has been 
notably aided by the development of fire-retardant paints and 
flameproof fabrics. It has been found that ground asbestos or 
borax added to paint imparts high fire-retardant properties to 
the finished product. Flameproofing of fabrics has been de- 
veloped to such a high degree that nearly all of the decorative 
draperies and other similar materials used in both the New 
York World’s Fair of 1939-1940 and the Golden Gate Exposi- 
tion of 1939-1940 were so treated. Numerous hotels and 
theaters also are equipped with flameproof fabrics. 

The use of carbon dioxide as a fire-fighting agent has in- 
creased very rapidly during the last few years. It is effective 




Courtesy E. I. du Pont de Nemours & Co. 

Fig. 360. demonstration of a new flameproofing agent is pictured 
here. In this demonstration an untreated fabric, at the left, was in 
flames, while the treated fabric at the right, to which a match was 
being held, scorched but did not flame, and ceased to burn as soon 
as the match was removed. At the far left was a treated mattress 
on which a little gasoline had been poured. The gasoline burned up 
and scorched the mattress, but it did not catch Are. The flame- 
prooflng agent did not alter the *Teer or texture of the fabric or 
paper to which it was applied. 


oil burning gasoline, oil, lacquer, alcohol, and other stubborn 
types of inflammable substances. The gas is highly compressed 
in steel tanks or portable cylinders, and when released through 
the funnel-shaped nozzle, it expands very rapidly. This pro- 
duces a cooling effect and helps lower the temperature of the 






Fig. 361. In experimental fire compartments like the one pictured 
Here, fire extinguishers of all types are tested on various kinds of 
fires. A carbon dioxide extinguisher is being tested. 


burning material below its kindling point. In addition, a 
smothering blanket of heavy carbon dioxide gas effectively puts 
out the fire. The fire truck at the municipal airport in New 
York City carries thousands of pounds of the compressed gas, 
and can entirely cover a burning plane with carbon dioxide. 
Transport and military planes are equipped with small cylin- 
ders of the compressed gas. A valve controls the release of 
carbon dioxide into the motor compartment where, in spite 
of the rush of air, a fire may be smothered successfully. Many 
boats carry carbon dioxide fire-fighting equipment. The gas is 
also of particular value in electrical fires, where it may be used 
without fear of decomposition or grounding the circuit through 
the body of the fire fighter. 
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Recent Chemical Contributions to Conservation 
AND National Security 

408. New and better gasolines. During one week in 1 939, 
petroleum refiners ran nearly one million barrels less crude 
oil than in the preceding week, yet they made nearly 50,000 
barrels more gasoline than the previous all-time high record. 
Not only was the yield of gasoline from crude oil larger than 
ever before, but the quality also reached new high standards. 
This modern miracle of gasoline chemistry was made possible 
largely by cracking processes. 

Thermal cracking processes, which involve the use of great 
heat while the oil is imder pressure, have been in operation for 
years. They have been important both in conserving crude 
oil and in improving the quality of motor fuel. From gas 
oil, thermal cracking produces 3 delds of from 70 to 75 percent 
of gasoline of octane number 72. The new cataljdic process 
produces 85 percent of gasoline with an octane rating of 81 or 
higher. In fact, producing gasoline of 100 octane rating — the 
kind needed for today’s airplane motors — ^presents no diffi- 
culties. 

In catalytic cracking, the oil is vaporized and the vapors 
pass over the surface of a specially prepared catalyst where the 
molecules are separated speedily and with a high degree of 
selectivity. They may then be rearranged to produce the kind 
of fuel that heretofore has not been possible in large quantities. 
For a long time to come, however, catalytic cracking is likely 
to be supplemental and complementary to thermal cracking. 
Some four hundred million dollars is invested in thermal- 
cracking equipment in the United States, and it is not likely 
that this equipment will shortly be scrapped in favor of cata' 
lytic cracking. 

What happens in thermal cracking is indicated by the fol- 
lowing structural formulas. This is heptane, C-jHiq, a chain 
hydrocarbon, prominent in straight-distilled gasoline; its oc- 
tane number is zero: 
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This is benzol, CeHg, an antiknock molecule with its atoms 
arranged by cracking: 
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In catalytic cracking and re-forming, gasoline molecules are 
rearranged and improved in antiknock properties. For exam- 
ple, hexane, C6H14, a bad knocker found in straight-distilled 
gasolines, is re-formed, making isohexane, benzol, or other 
similar antiknock molecules : 
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Another process that has likewise contributed to conserva- 
tion of petroleum and improved motor fuel is known as cata- 
lytic polymerization, by which little molecules are caused to 
unite and form antiknock molecules of the Cg or C7 range. 
For example, butene and propene are gases which result from 
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Courtesy Firestone Tire & Kub^ber Company 

Fig. 362 . This chart traces the major steps in the commercial pro- 
duction of Buna, an artificial material so nearly like tree-grown 
rubber that even research chemists cannot tell the two apart, except 
by chemical tests. 
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cracking and which, until the catalytic polymerization process 
was brought out, were burned under boilers: 

Butene Propene 
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Catalysis converts these into dimethyl pentene and other anti- 
knock hydrocarbons, which together make up “poly” gasoline. 
Perhaps you have seen such gasoline advertised : 

Dimethyl Pentene 
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There are still other processes of making gasoline. Certain 
kinds of molecules are remodeled and made suitable by cata- 
lytic hydrogenation, a process by which hydrogen is built into 
unsaturated hydrocarbons. Waste gases that formerly were 
burned can also be converted into liquid gasoline molecules 
of very high quality by alkylation — a catalytic process which 
causes butenes and isobutanes to produce isodctane directly. 
Modifications of these processes enable chemists to turn waste 
gases into synthetic lubricating oils, resinous materials, rubber 
substitutes, plastic solids, or such chemicals as ethylene glycoS 
or “Prestone,” ethyl alcohol, acetone, and glycerol. 

It is evident that research on the part of the petroleum in- 
dustry is yielding important results in the matter of conserv- 
ing a vital raw material. Had not research provided the crack- 
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ing processes of today, more than twice as much crude oil 
would be required to produce the motor fuel necessary to 
operate the nation’s automobiles. The country’s present pe- 
troleum reserves would be inadequate for modern needs. In 
1914 the average yield of all refineries was around 45 percent; 
yields of 70 to 75 percent can be obtained in modern refinery 
units. 

409. Artificial rubber from petroleum. The search for 
artificial substitutes for rubber has proceeded unceasingly for 
many years. A few years ago when Neoprene was introduced, 
the problem seemed well along towards a solution, but research 
was continued. Within the last few years, several new types 
of artificial rubber have been announced. Among them are 
Buna, Buna S, and Perbunan or Buna N. Perhaps the most 
striking thing about most of these new types of artificial rubber 
is that they are built up from petroleum hydrocarbons, chiefly 
by polymerization— that is, by causing little molecules of one 
kind or another to unite and form big molecules. 

The properties of these newer types of rubber substitutes 
vary, but in general all are characterized to a large extent by 
their elasticity, their ability to be vulcanized, and their superior 
resistance to aging, heat, and the swelling action of petroleum 
hydrocarbons and organic solvents. At least one type, Buna S, 
is superior to natural rubber as an electrical insulator. 

Regular production of Buna and Buna N has akeady been 
started in this country by one large tire-manufacturing com- 
pany, while another has actually constructed tires of Ameripol, 
a synthetic rubber whose name signifies that the raw materials 
used in its manufacture are entirely of American origin. It is 
made by copolymerizing butadiene and another material ob- 
tained from natural gas and air. 

All of these developments point to the fact that American 
independence of natural rubber has been brought much nearer 
to realization. 

410. Developments in strategic raw materials. The un- 
equal geographical distribution of mineral resources and basic 
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ra\Y materials has created national monopolies and divided the 
nations of the world into two groups: the “haves” and the 
“have-nots.” International irritations and wars have resulted 
from this cause. Fortunately for us, the United States is one 
of the most favored nations with respect to natural resources. 
Nevertheless, there are certain essential raw materials which 
we either have in limited amount or lack entirely. American 
chemists and technological engineers are at work trying to 
figure out ways of solving the problems that would arise should 
our foreign sources of supply be cut off. Developments in 
artificial rubber illustrate the results of such efforts with re- 
spect to one important raw material. A few others also deserve 
mention: antimony, tin, iodine, manganese, camphor, and 
cryolite. Bromine and potassium salts are two materials which 
were formerly scarce but which more recently have been 
brought into adequate production. ( See Sections 196 and 278.) 

Antimony is industrially important through its uses in many 
alloys — t3q)e metal, britannia metal. Babbitt metal, hard lead, 
battery plates, and white metal alloys. In addition, antimony 
has high military importance. The United States is almost 
completely dependent upon other nations for antimony. A 
favorable recent development is the increased production of 
antimony in Latin-American countries. In years past China 
has been our chief supplier, but in a recent year imports from 
Mexico alone totaled 60 percent of consumption, and smaller 
amounts came from Chile, Bolivia, and Argentina. Another 
recent development that promises to relieve the antimony 
problem is the successful use of calcium in preparing hard-lead 
alloys, such as those needed for battery plates and cable 
covering. 

Most of the tin produced in the United States is recovered 
from metals, alloys, and chemicals. Alaska produced 200 tons 
of the metal in a recent year. As a nation, our requirements 
for tin, however, are very great, as indicated by the fact that 
our average annual consumption for the past decade has been 
around 35,000 tons. Tin is needed for making tin plate, solder. 
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Babbitt metal for bearings for machinery, other alloys, foil, 
chemicals, military flares, and smoke producers. The lowly 
tin can, however, uses nearly half of our consumption. Substi- 
tutes for tin are gaining in importance, and we may expect 
more developments along these lines. Cellophane is replacing 
foil; synthetic resin bearings lubricated with water instead of 
oil have shown some promise; and resin linings are even now 
being used in cans for beer, but they are damaged by heat and 
so cannot be used generally for foodstuffs. Research has 
shown that silver can be satisfactorily used as a lining for 
cans; the cost, however, would be higher. If this practice 
should develop, it would not only conserve tin but would help 
to relieve the problem of an oversupply of silver. 

Iodine, so important in many organic syntheses, was not 
produced commercially in this country prior to 1932. At that 
time the discovery of a high iodine content in certain petroleum- 
well waters of the Pacific Coast provided the basis for develop- 
ment of an American iodine industry. (See Section 199.) In 
recent years, however, domestic production has still been 
around only 14 to 15 percent of consumption. In 1940 a 
process was developed which promises a greater and more eco- 
nomical yield of iodine. Iodine is liberated from brine and 
recovered therefrom by absorption upon activated charcoal or 
carbon. The iodine-charged carbon is compressed and used 
as the cathode in an electrolytic cell which, when operated, 
causes the iodine to transfer and precipitate upon the anode. 

The steel industry uses manganese as an aid in removing 
undesirable impurities from molten steel and in the making of 
alloy steels. Very few pounds of steel are produced which 
have not been processed by the use of manganese. In view of 
our great production of steel, and its importance to modern 
warfare, manganese is certainly a strategic metal. Our domes- 
tic production of manganese has been dropping. By 1937 it 
was only about 25 percent of consumption. The rest came 
chiefly from Russia, Africa, Brazil, and India. We have large 
reserves of low-grade ore, however, and the goal has been to 



CHEMISTRY MARCHES ON 


707 


develop economical methods of extraction. Late in 1939 the 
United States Bureau of Mines announced a process by which 
it is said enough domestic manganese could be refined to make 
this country self-sufficient. The process, an electrolytic re- 
fining method, yields 99.9 percent pure manganese, but at 
higher cost than the imported metal. 

Camphor is really an “essential oil” obtained by distilling 
the wood of a certain kind of evergreen tree found in Formosa, 
Japan, and in southern China. It is needed chiefly in the 
manufacture of nitrocellulose plastics. Early in the twentieth 
century German chemists succeeded in preparing synthetic 
camphor, and now the world is not solely dependent upon 
Japan for this material. In recent years, our own production 
of synthetic camphor has equaled the demand. This illus- 
trates further how efficient chemical engineering can meet a 
national need. The increased production of other types of 
plastics has also aided in the solution of this problem. 

There is one known commercial source of the mineral cryo- 
lite — Greenland. The principal users of cryolite are the alumi- 
num industry, which uses it as a solvent for bauxite (Section 
318), and the ceramic industry, in which cryolite is the base 
of an opaque, glasslike porcelain used in ceramic ware and 
vitreous enamels on steel. Our 100 percent dependence is no 
longer critical or important, however, for here is another in- 
stance where chemical ingenuity has relieved the strain. Arti- 
ficial cryolite has been produced and is now being satisfac- 
torily used in the aluminum industry, and synthetic resins are 
being used to give porcelainlike finishes to metallic surfaces. 

411. Utilization of industrial -wastes. For several years 
one of the proudest boasts of chemistry, next to that of produc- 
ing entirely new materials, has been the conversion of materials 
of little value, or even of negative value, into useful, salable 
products. The commercial utilization of coal tar and cotton- 
seed are classic illustrations of achievement in this respect. 
Recent years have brought other noteworthy accomplishments 
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along the same line. Some of them are described briefly in the 
paragraphs that follow, just to give an idea of this phase of 
chemical industry. 

The utilization of waste wood and sawdust has been the 
subject of extensive research at the United States Forest Prod- 
ucts Laboratories, Madison, Wisconsin. Considerable success 
has come from efforts to produce resins from lignin, the ma- 
terial which binds cellulose fibers together in wood. A large 
lumber company has found a way to utilize sawdust. Waste 
sawdust is forced into tubular molds under great pressure, the 
heat of compression causing it more or less to fuse. When 
cool, it is ejected from the mold in the form of a log-shaped 
chimk which is an excellent fireplace fuel, burning with a 
steady, even heat. The addition of suitable chemicals to the 
sawdust gives various-colored flames when the fuel is burned. 

In the closely related wood-pulp industry, the waste sulfite 
liquor (Section 403) is now being utilized in several different 
ways. Among the products which can be obtained if desired 
are alcohol, baker’s yeast, tanning compounds, and adhesives 
for briquetting powdered fuel, treating roads, and making lin- 
oleum cements. Hydrolysis of the lignin waste of the paper 
industry yields vanillin, and more than one third of the annual 
consumption in the United States now comes from this source. 

Dry ice was originally made from carbon dioxide produced 
expressly for that purpose. Today, at least 85 percent of the 
carbon dioxide thus consumed is by-product gas recovered 
from fermentation and other industrial processes. 

Attempts to utilize agricultural wastes have been carried out 
on a large scale, and the numerous successes have been widely 
heralded. To mention a few, wallboard is made from waste 
sugar-cane stalks; cattle feed and casein are made from sur- 
plus milk. Then the casein is used in the manufacture of paper 
coatings, adhesives, paints, and plastics; and soybean meal is 
transformed into plastic parts for automobiles. A plant in 
Kansas is producing ethyl alcohol for blending with gasoline 
as a motor fuel. Hundreds, perhaps thousands, of such ac- 
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complishments, large and small, have resulted from the rC' 
search of the last decade. 

Recent Developments in Plastics and Synthetics 

412. Modern plastics. From the time we get up in the 
morning until we go to bed at night, plastics enter into our 
lives and activities dozens of times. A listing of the many 
articles made of plastics is not necessary because they are 
familiar to all of us. 

There are just two types of plastics materials. One type is 
described as thermoplastic, because the materials soften when 
heated and harden upon cooling; they can be resoftened by 
heat. The other type is termed thermosetting, hec&v&t they 
harden when heated and no amount of heat thereafter can 
soften them. Within each of these groups are several different 
kinds of plastics materials. Some have been known for fifty 
years or more; but the plastics industry has created most of 
them and has experienced its most rapid expansion during the 
last few years. 

Pioneer plastics included thermoplastic celluloid — made of 
nitrocellulose and camphor — and bakelite, a typical thermo- 
setting phenolic resin, so called because it is made from phenol 
and formaldehyde. (See Sections 239 and 242, and page 
654.) Cellulose acetate plastic has also been in use several 
years. (See Section 402.) Among the newer plastics, the 
following ones are of particular interest: 

(1) Vinyl plastics. The raw materials used for vinyl plas- 
tics are natural gas, salt, water, air, and coal. The first step 
is the preparation of vinyl alcohol, a high molecular weight 
alcohol, which is then converted into vinyl acetate and vinyl 
chloride. These compounds are then polymerized, either sep- 
arately or jointly. The result is poly^^inyl acetal resin, a 
thermoplastic material with a combination of properties that 
give it many uses, one of the most important being its use as 
the interlayer of high-test safety glass. 
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Courtesy Tentiessee Eastman Corporation 

Fig. 363. Plastics are now being used in 50,000 different products, 
under some 250 trade names. Much costume jewelry is made of 

plastics- 







Courtesy Tennessee Eastman Corporation 

Fig. 364. Some plastics stretch like rubber. Some can be sprayed 
like lacquer. Some will outwear steel. Some are as thin as tissue. 
Some, like that used to make these fountain pens, are transparent. 




Courtesy General Motors Corporation 

Fig. 365. This illustration graphically demonstrates the great flexi- 
bility of the plastic interlayer of the new high-test safety glass. It 
will stretch without breaking and allows the glass to bend slightly 
when struck, thus cushioning the force of the impact. One of its 
chief advantages is that it retains these properties at very low 

temperatures. 


Safety glass of the kind used during the last ten years has 
undoubtedly saved thousands of automobile, bus, and train 
passengers from injury or even death. From the technical 
point of view, however, it still needed improvement. The 
chief disadvantage which needed to be overcome was that in 
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cold weather the plastic interlayer became brittle and the glass 
shattered almost as badly as ordinary glass. At an estimated 
cost of six million dollars for research, industrial chemists 
have produced high-test safety glass, which retains its shatter- 
proof qualities and its “give” even at temperatures far below 
zero Fahrenheit. 

The secret of this new kind of glass “sandwich” is the poly- 
vinyl acetal interlayer, which offers more resistance to impact 
than any other material proposed for safety glass. When an 
object strikes the glass hard enough to break it, this plastic 
layer stretches to a considerable extent while absorbing the 
force of the blow. Finally the plastic will stretch no more, 
but it has sufficient strength to prevent the flying object from 
breaking through. Meanwhile, the shattered glass adheres 
firmly to the plastic interlayer. By this one development 
alone, chemical science will prevent countless tragedies and 
give enormous benefits to humanity. 

Polyvinyl benzene or polystyrene has become an outstand- 
ing thermoplastic. It is transparent, colorless, and resistant to 
water and electrical and chemical action. It is the most stable 
of the thermoplastics because no volatile plasticizer is used in 
its manufacture. It is used for watch crystals and lenses. 
The covers for the instrument panel and clock of your auto- 
mobile are likely to be made of polystyrene. 

Acrylic plastics are also tough and beautifully transparent. 
They are especially used in creating objects of art, but their 
practicability is demonstrated by the fact that an acrylic plas- 
tic has been used to fabricate airplane cockpit enclosures. 
One of these plastics, methyl methacrylate, has gained fame 
as a “light bender.” Because of its optical properties, cool 
light follows its entire length around all sorts of twists and 
bends. This behavior has led to its use in making surgical 
probes, tongue depressors, and dental instruments. 

(2) Amino and casein plastics. Plastics made from formal- 
dehyde and urea are second in importance among the thermo- 
setting plastics, being surpassed only by the phenol-aldehyde 
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type. They are particularly useful when mixed with cellulose 
fillers and used as molding materials. Urea plastics have the 
advantage of taking brilliant colors, which are stable and do 
not fade when exposed to light. Modified urea resins are also 
useful as ingredients of lacquers and enamels. 

Casein plastics are not new, but they have lately been im- 
proved and their future looks brighter. Casein is treated with 
formaldehyde, producing a material which more closely re- 
sembles the horn of the cow than the milk from which it was 
prepared. At present casein plastics are used chiefly as but- 
tons, buckles, small ornaments, and the like. 

413. Synthetic fibers. Outstanding among recent attempts 
to produce “textiles in test tubes” is nylon. Produced from 
coal, air, and water, this is the first artificial fiber made from 
all-mineral raw materials. Rayon, after all, is really a modified 
form of cellulose, much of which comes from cotton linters. 
(See Section 402.) Nylon was first introduced as toothbrush 
bristles, but several commercial articles are now made of this 
synthetic material, the most notable being nylon stockings. 
Nylon fibers have the feel and luster of natural silk, but are 
perhaps smoother and stronger than silk; stockings made of 
nylon are therefore said to be more resistant to runs. 

Fibers as fine as silk,^ virtually as strong, waterproof and 
fireproof, can be made ffom copolymerized vinyl chloride and 
vinyl acetate. Thus we have another possible substitute for 
silk. Vinyon is the name assigned to this product, but it is 
not yet in commercial production. 

Newspapers recently announced that chemists had succeeded 
in making “wool” from sour milk. Basic research has re- 
sulted in a type of fiber made from caseifi, but it is not really 
wool. The chemical and physical properties of this synthetic 
fiber, however, resemble those of wool more closely than rayon 
resembles silk. This fiber takes dyes better than wool itself 
and has other desirable properties, but when wet, it swells and 
then breaks more readily than when dry. Casein fiber is too 
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new to predict its future, but it seems probable that inexpen- 
sive synthetic wool will be used to some extent as an extender 
or diluent for wool, so that our supply may be increased to 
satisfy consumer needs at lower cost. 

Recent Chemical Contributions to the Home 

414. “Better things for better living through chem- 
istry.” This slogan, made popular by the DuPont Company, 
sets forth one of the major goals of the entire chemical indus- 
try. Daily in millions of American homes, products resulting 
partially or wholly from chemical research make household 
tasks easier and provide greater beauty, cleanliness, comfort, 
and convenience. Examples may be seen in mechanical re- 
frigerators, heat-resistant glass, more durable paints and var- 
nishes, gleaming vitreous enamelware, metals that neither stain 
nor tarnish, and dozens of gadgets made of plastics materials. 

In recent years chemists have also given us “soft hard water” 
and “soapless” soaps. In traditional methods of softening 
hard water, certain chemicals are used to precipitate the min- 
erals that cause hardness. (See Section 290.) Research has 
shown that when water containing calcium or magnesium hard- 
ness is treated with sodium metaphosphate, (NaP 03 )a, the 
hardness no longer reacts with soap; still it does not precipi- 
tate. The explanation is that by chemical action the sodium 
metaphosphate converts the Ca++ and Mg++ ions into com- 


Fig. 367. This glass crucible must be able to “take it.” 'With its 
contents it is being strongly heated in the full heat of a blast lamp. 
This type of glassware is fabricated from a recently developed 
product of chemical research known as 96 percent silica glass No. 
790. Manufacturing methods necessary in the production of this 
glass depart radically from conventional glass practice. A special 
glass of apparently normal characteristics is treated by a new and 
unique process in which practically all the constituents other than 
silica are removed by leaching in_ hot chemical solutions. The 
silica residue, after being washed, dried, and finally fired at carefully 
controlled temperatures, becomes a transparent vitreous glass of 
simple^ chemical composition. Exceptional chemical stability, high 
softening point, and very low thermal expansion are its outstanding 
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plex ions which are soluble and do not react with soap. The 
alkalinity of solutions of soap in water treated in this manner 
is lower than solutions of soap in untreated water or water 
treated with common softening agents, such as trisodium phos- 
phate and sodium carbonate. Soap used in such water would 
therefore be easier on the skin than when used in ordinary 
water. The trade name “Calgon” has been given to sodium 

metaphosphate. Can you 
see why? 

Materials that are effec- 
tive in removing dirt— from 
clothing and the skin, for 
example— are known as de- 
tergents, of which soap is 
the most familiar example. 
“Soapless” soaps are mod- 
ern detergents, made by 
treating certain high mo- 
lecular weight alcohols with 
sulfuric acid. The result- 
ant product is not a true 
soap, but it forms suds 
equally well in soft or hard 
water; hence the expression “soapless” soap. 

Chemistry has even produced a cellulose sponge to go with 
our “soft hard water” and our “soapless” soap. It holds four 
times as much water as the natural sponge; it does not sink; 
and in other ways it displays superior properties. 

Through chemistry, improvements in lighting are being 
made. New-t}q)e fluorescent lamps give more and better light 
at lower cost. Chemistry provides the mercury whose vapor 
carries the electrical discharge through the tube, and also the 
fluorescent mineral coatings for the inside of the tube. These 
minerals capture invisible ultraviolet light and rebroadcast it 
within the visible range. 



Com’tesy Calgon, luc. 

Fig, 368. Incrustations formed 
around sand grains by the precipi- 
tation of calcium carbonate. 





Courtesy Calgon, Inc. 


Fig. 369. All pearls don't grow in oysters ! These pearl-like pellets 
formed around grains of filter sand when minerals causing hardness 
in water were precipitated by usual methods. The precipitate, 
largely calcium carbonate, formed incrustations around sand grains 
as shown in Fig. 368. This can't happen when water is softened 
with sodium metaphosphate, for no precipitate is formed. 


415. Growing plants without soil. The idea of growing 
plants in artificial cultures is not a new one. Plant scientists 
have used such methods for at least twenty-five years in their 
research studies of plant nutrition. Recently, however, this 
idea has captured the interest and imagination of plant grow- 
ers and plant lovers everywhere. 

When grown in artificial cultures, such as sand or solution 
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Courtesy New Jersey Agricultural Experiment Station 

Fig. 371. These tomato plants were grown in sand culture with 
waste solutions which had previously been used for the growth of 
experimental plants by the continuous flow method. The drip from 
the experimental plants may be collected and used several times 
over for such purposes. 


cultures, plants live in an environment that permits relatively 
easy control of the external factors affecting plant growth and 
development. For example, the ravages of insect pests and 
plant diseases are largely avoided. But most important of all, 
these methods of growing plants make possible accurate control 
of the actual supply of nutrient elements available to the 
plants. For experimental purposes, the plant’s diet can be 
changed at will, either qualitatively or quantitatively, and the 
effects on plant growth may be followed closely. It is thus 
possible to solve many problems of plant nutrition and growth 
which would be extremely difficult, if not impossible, to solve 
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Courtesy New Jersey Agricultural Experiment Station 

Fig. 372. The apparatus required for growth of plants in solution 
culture by the continuous flow method of solution renewal consists 
of A, a culture vessel; B, a solution reservoir; C, a glass dish in 
which the reservoir is inverted; D, a siphon tube, E, an inlet tube 
with funnel; F, an outlet siphon tube; and G, an aerating tube. 



Courtesy New Jersey Agricultural Experiment Station ' 

Fig. 373. The apparatus required for growth of plants in sand cul- 
ture by the continuous flow method of solution renewal consists of 
A, a culture vessel; B, a solution reservoir; C, a glass dish in which 
the reservoir is inverted ; and D, a siphon tube. The solution reser- 
voir (B) is supported by a wooden bracket hung on the rim of the 
pot. Tlie pan below the culture vessel catches the drainings from 
the sand which are to be used again (see Fig. 371). 
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if the plant were grown in such a complex medium as soil. 
For example, by growing a plant for a definite time interval 
in a solution of known composition and then determining the 
composition of the solution afterward, the actual rate of ab- 
sorption of such elements as potassium, nitrogen, and others 
can be accurately determined. 

Popular interest in home chemiculture, as these methods of 
growing plants are called, has resulted largely from its possi- 
bilities of controlling plant growth so as to produce giant 
plants, to grow plants out of season, to improve quality and 
flavor of plant fruits, and to control flower color and size. 
Chemiculture can be an interesting hobby, and one with com- 
mercial possibilities. Students who wish to investigate the 
technical details and the possibilities of chemiculture may find 
numerous books on the subject in public libraries. Informa- 
tion may also be obtained from centers of chemiculture re- 
search, such as the New Jersey Agricultural Experiment Sta- 
tion, New Brunswick, New Jersey; Michigan State College, 
Lansing, Michigan; Purdue University Agricultural Experi- 
ment Station, Lafayette, Indiana; and the California Agricul- 
tural Experiment Station, Berkeley, California. 

What Is the Future of Chemistry? 

416. Only the beginning. We have surveyed the past and 
the present, and have marveled at the miracles of modern-life 
chemistry. We see that the magic of this science has produced 
thousands of materials and created many new industries that 
the world never knew before. Are there still new worlds to 
be revealed, or have the limits of chemical exploration been 
reached? 

Chemistry has done much, but in comparison to its possi- 
bilities the surface has probably only been scratched. In 
spite of all that has been done to protect and preserve health, 
there are still diseases for which, no preventives or cures have 
been found. Cancer, infantile paralysis, and the common cold 
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are still baffling and costly unconquered afflictions. When 
chemical research reveals the fundamental nature of bacterial 
toxins, viruses, and antitoxins, our “men against death” will 
be greatly aided in their fight to overcome disease. Farmers 
have been notably helped by the chemist, but they could use 
better insecticides and fertilizers, and they still have waste 
products that ought to be transformed into salable materials. 
Also, chemistry can contribute to the improvement of textiles, 
floor coverings, cleansing agents, and other commonly used 
household materials. 

With all the comforts and luxuries of modern life that have 
resulted from chemical research, there are still millions of 
people in our country who know them only from hearsay or 
from reading about them. Chemistry can aid in the solution 
of this problem by finding cheaper means of producing these 
things, and the necessities of life as well, so that more people 
may enjoy them. 

417. Chemistry for war or for peace? What is the future 
of chemistry? It will be largely what men cause it to be. Its 
potentialities for human betterment are great indeed, but men 
have taken many of its great discoveries and inventions and 
made them into instruments of death and destruction. As 
long as men fight, chemistry will play a dominant role. Like- 
wise, chemistry will play a dominant role in saving lives and 
advancing civilization— in giving us “better things for better 
living.” It is society’s responsibility to guide the future so 
that chemistry may serve — rather than destroy — mankind. 

In closing this survey of the recent march of chemistry, we 
turn to a famous remark of the great Louis Pasteur, which is 
just as true today as ever: 

“In our century, science is the soul of the prosperity of na- 
tions and the living source of all progress. Undoubtedly the 
tiring daily discussion of politics seems to be our guide. 
Empty appearances! What really lead us forward are a few 
scientific discoveries and their applications.” 
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EXERCISES FOR REVIEW AND 

APPLICATION 

These exercises a§ or d an opportunity for you to review some of 
the high spots^^ of beginning chemistry and also do xonsider how 
chemistry relates to modern-life activities > 

ARE YOU A GOOD CHEMICAL DETECTIVE? 

How would you . 

1. Prove a yellow solid to be sulfur? 

2. Prove a red powder to be mercuric oxide? 

3. Distinguish between copper sulfate and sodium sulfate? 

4. Prove a soluble white crystalline solid to be a sulfate? 

5. Prove that a white powder is starch and not powdered sugar? 

6. Prove the identity of each of three white soluble substances 
known to be a chloride, a bromide, and an iodide? 

7. Distinguish between three colorless liquids known to be 
carbon disulfide, carbon tetrachloride, and denatured ethyl alcohol? 

8. Identify each of six colorless gases contained in bottles and 
known to be oxygen, hydrogen, hydrogen chloride, sulfur dioxide, 
carbon dioxide, and nitrogen? 

9. Distinguish between potassium permanganate and potassium 
dichromate? 

10. Distinguish between three red powders, known to be mer- 
curic oxide, ferric oxide, and brick dust? 

11. Identify each of two sugars known to be sucrose and dextrose? 

12. Distinguish between ammonium chloride, ammonium nitrate, 
sodium chloride, and sodium nitrate? 

13. Distinguish sodium sulfate from potassium sulfate? 

14. Prove the presence of iron ions (ferrous or ferric) in a given 
chemical mixture? 

15. Distinguish between freshly precipitated silver chloride, lead 
chloride, and mercurous chloride? 

16. Distinguish between barium chloride and calcium chloride? 
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17. Proceed to prove the presence of strontium in a sample of 
fireworks powder? ■ 

18. Distinguish between manganese dioxide and lampblack? 

• PRACTICAL PROBLEMS IN CHEMISTRY 

Outline the procedures you would follow in solving one or more 
of the following problems. What information would you need to 
have? Row could you find it out? What sources of information 
would you consult? What experiments might you do? 

1. Which is the best of several (say, three) brands of milk of 
magnesia to buy? 

2. Which is the best of several brands of household ammonia 
water to buy? 

3. How much citric acid is contained in a lemon, an orange, or 
a grapefruit? 

4. How do several brands of automobile antifreezes compare? 

5. Which home water-softening compound shall I use? 

6. How much carbon dioxide do various brands of baking 
powder evolve? 

7. How can the soil in our flower beds be made suitable for 
growing plants? 

8. Does my brand of toothpaste contain any poisonous in- 
gredients? 

9. Which is the better of two brands of toilet (or laundry) soap? 

10. Which of several brands of vinegar contaiiis the most acetic 

acid? What is the percent of acetic acid in each sample? 

WHAT DO YOU THINK ABOUT THESE 
THOUGHT QUESTIONS? 

L It is difficult to prove that the Law of Conservation of Matter 
applies to the burning of coal. Why? 

2. “Your toast this morning was really made with sunshine.^’ 
Is this a true statement? 
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3. If a dean gas stove burner burns with a yellow flame, what 
adjustment is needed? Write equations for the reaction before and 
after the adjustment. 

4. A painter used a wad of cheesedoth to wipe the excess oil 
stain from some lumber he was staining; then he tossed the cloth 
into a corner cupboard. During the night fire broke out in the cup- 
board. What is the complete chemical explanation? 

5. What substances would you need to prepare hydrogen by 
displacement? By electrolysis? By reduction? Write equations 
for the reactions. 

6. Borax powder costs IS cents a pound; borax crystals cost 9 
cents a pound. Which is more economical to buy? 

7. Protons and neutrons are considered to exist as whole units 
with a relative weight of 1. How then can chlorine have an atomic 
weight of 35.46? 

8. Which of the following materials do and do not conform to 
the Law of Definite Proportions? Give reasons for your answer in 
each case. 

soil table salt cement 

air seawater vinegar 

table sugar baking soda gasoline 

baking powder 

9. Silicon and carbon combine with either metals or non-metals. 
How can this be accounted for? 

10. Cooking certain foods in aluminum utensils causes a dark 
tarnish to form; later, cooking such foods as tomatoes or rhubarb 
in the same vessel removes the tarnish and leaves the pan bright and 
shiny. What is the chemical explanation? 

11. Illuminating gas is passed through a glass tube containing 
ferric oxide; meanwhile, the tube is heated. What happens in terms 
of oxidation and reduction? Valence? Electrons? 

12. An electroplater wished to increase the conductivity of the 
plating bath. He turned to a shelf containing bottles of ethyl al- 
cohol; carbolic acid; sodium chloride; mercuric oxide; calcium car- 
bonate; and aluminum hydroxide. Which bottle did he select? 
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13. A plug of cotton is placed in the bend of a glass U-tube. 
The left arm is filled with a solution containing potassium iodide and 
starch paste. The right arm is filled with potassium iodide solution 
containing a few drops of phenolphthalein solution. An electrode 
connected to the positive terminal of a D. C. source is introduced 
into the left arm, while an electrode connected to the negative ter- 
minal is introduced into the right arm. Diagram the setup; predict 
what will happen when the current is turned on. {Why not tty this 
experimentally?) 

14. Soap is a mixture of NaCi 7 H 3502 , NaCi 7 H 3302 , and 
NaCi5H3i02. When mixed with water to form a suds, the result 
turns red litmus blue. Why? 

15. Name the substances needed to prepare each of the following 
compounds (1) by neutralization, (2) by an oxide plus an acid, (3) 
by a metal plus an acid: (a) cupric sulfate; (b) sodium chloride; 
(c) calcium nitrate; (d) aluminum sulfate. Write equations for the 
reactions. 

16. In a laboratory test, a student was given a small envelope 
with the following notation on it: ‘'^Given: a mixture of iodine 
crystals and sand. To obtain: the iodine in pure form.” How 
would you proceed? 

17. A careless chemistry student assistant nearly filled a bottle 
with concentrated sulfuric acid and set it on the shelf — but he forgot 
to put the stopper into the bottle. Two days later it was observed 
that the bottle was overflowing. Explain. 

18. Why does a chimney smoke? Why is there more smoke from 
soft coal than from hard coal? Why is there less smoke from oil and 
gas burners than from coal furnaces? 

19. Sodium chloride is dissolved in water and the solution elec- 
trolyzed. Sodium is not one of the products. Why? What are the 
products? Show by means of an equation. 

20. The surface of a newly laid concrete highway is sprayed with 
tar. Doesn’t this prevent the water from evaporating and the con- 
crete from drying out? How can it then get hard? 

21. A piece of galvanized iron is thrown onto a junk heap along 
with some old tin cans. A month later the cans are badly rusted, but 
the galvanized iron is very little changed. Why? 
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22, Given a bottle of sulfur, a box of iron tacks, a bottle of con- 
centrated sulfuric acid, and a box of table salt, how would you pre- 
pare a bottle of hydrogen chloride? A bottle of hydrogen? A bottle 
of hydrogen sulfide? A bottle of sulfur dioxide? Write equations 
for all reactions. 

25. Three glass bottles ■ are completely filled, one with wet lime- 
sand mortar, one with wet cement-sand mortar, the third with wet 
plaster of Paris paste. The bottles are then tightly capped. Will 
their contents harden? Explain. 

24. A magnetized iron nail is caused to react with dilute sulfuric 

acid. Account for the formation of sulfate, rather than .ferric 

sulfate. Will the solution be magnetic? 

25. White rats live nearly normal life spans when kept on a diet 
of whole wheat bread and water. Most of them die in about six 
weeks when- put on a diet of white bread and water. What is 
the probable explanation? What should these experimental facts 
teachus? '■ 

26. A lump of crystalline cupric sulfate dropped into concen- 
trated sulfuric add turns white and loses its crystalline form.^^^ W 

is the explanation? 

27. The directions in a laboratory manual read, “Add 10 cc. of 
dilute sulfuric acid.” The beginning student thought to himself, 
“If dilute acid is good, concentrated acid ought to be better.” What 
do you think? 

28. A very serious situation develops if the storage batteries of a 
submarine become flooded with sea water. Why do submarine sailors 
fear this situation? 

29. A farmer learned that one of his fields was deficient in nitro- 
gen and also was too acid. He bought ammonium sulfate to supply 
the nitrogen, and slaked lime to correct the acidity. To save time, 
he decided to mix these two chemicals and apply them both at once. 
Later he remarked, “Those fumes almost got me.” What were the 
fumes? How did they form? Would the mixture be beneficial to 
the soil? 
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APPLICATIONS OF THE GAS LAWS 

Correcting gas volumes to standard conditions. The 
chemist would find it extremely impractical to control the tem- 
perature and pressure when he works with a gas. What he 
does is to measure the volume of gas under existing conditions 
a.ndi Hhtn calculate what its volume would be if the pressure 
were 760 mm. and the temperature 0° C. Such a procedure is 
known as correcting to standard conditions. 

Let us imagine a volume of gas occupying 500 cc. at 20“ C. 
and 740 mm. pressure. What would be its volume at standard 
pressure? At standard temperature? At standard pressure 
and standard temperature? 

(1) Correcting to standard pressure. If the pressure upon 
this gas were redwced to 370 mm., its volume would be in- 
creased by two, or by the fraction If the pressure 

were increased to 1480 mm., the volume would be reduced by 
one-half, or by the fraction ^^% 48 o- To make pressure cor- 
rections, then, 

1. Read the problem and determine whether the pressure is 
to be increased or decreased. 

2. Decide whether the volume will consequently be in- 
creased or decreased. 

3. Devise a fraction of the old and the new pressure values; 
make the fraction greater ihm one if the volume is to be in- 
creased, and less than one if the volume is to be decreased. 

4. Multiply the original volume by this fraction in order to 
determine what the new volume will be. 

731 



732 


MODERN-LIFE CHEMISTRY 


Here is how these steps apply to the example problem: 

1. The pressure is to be increased irom 740 mm. to 760 mm. 

2. Therefore, the volume will be 

3. The fractional decrease in volume will he 

740 

4. 500 X 486.8 cc. (new volume at standard pres- 

sure). 

(2) Correcting to standard temperature. In making tem- 
perature corrections, the first step is to convert the centigrade 
temperature reading to the corresponding temperature on the 
absolute scale by adding 273°. The given temperature in our 
example problem, then, is (20° -f 273°), or 293° A. If this 
temperature were increased to 586° A., the volume would be 
doubled, or increased by the fraction ®®% 93 - If the tempera- 
ture sftexe reduced to 146.5° A., the volume would he decreased 
by one-half, or by the fraction From this point 

on, the steps in making temperature corrections are very simi- 
lar to those involved in making pressure corrections. 

1. Change all temperature readings to the absolute scale. 

2. Read the problem and determine whether the tempera- 
ture is to be increased or decreased. 

3. Decide whether the volume will consequently be in- 
creased or decreased. 

4. Devise a fraction of the old and new absolute tempera- 
tures; make this fraction larger than one if the volume is to be 
increased, and less than one if it is to be decreased. 

5. Multiply the original volume by this fraction in order to 
calculate what the new volume will be. 

Applying these steps to our example problem, we have: 

1. The given temperature is 20° C. or 293° A. and the new 
temperature is to be 0° C. or 273° A. 

2. The temperature is to he decreased. 

3. Therefore, the volume will be decreased. 
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4. 

5. 


The fractional decrease in volume will be ^^% 93 . 

273 

500 X ■— = 465.8 cc. (new volume at standard tem- 


perature). 


(3) Correcting to standard pressure and standard tempera- 
ture. Corrections for both temperature and pressure can be 
made in one calculation. In such cases, the following steps are 
applied: 

1. Devise the correct pressure fraction. 

2. Devise the correct temperature fraction. 

3. Multiply the original volume by both of these fractions 
in order to determine what the new volume will be. 

Again we will refer to our example problem to show how vol- 
ume may be corrected for both temperature and pressure in the 
same calculation. 

1. The original volume will be reduced by the pressure frac- 
tion, ^*% 60 . . 

2. The original volume will be reduced by the temperature 
fraction, 

3. The equation to be solved to calculate the new volume is: 

740 273 

^ 7 ^ X ^ 453.6 cc. (new volume at standard con- 

diPons). 

Correcting gas volumes for aqueous tension. When a 
gas is collected over water, an additional correction must be 
made in calculating the volume it would have under standard 
conditions. Since water vapor always mixes with a gas col- 
lected in this manner, and since water vapor exerts a pressure 
independently of the other gas, it is clear that the atmospheric, 
pressure is balanced by the combined pressure of the water 
vapor plus that of the gas collected. The true pressure of the? 
gas, therefore, is equal to the barometric pressure minus the 
partial pressure due to water vapor. The partial pressure due 
to water vapor is called aqueous tension, and it varies with the 
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temperature. Table 43 on page 738 gives the aqueous tension 
values for different temperatures. 

In problems involving water vapor pressure, it is necessary 
to look up the aqueous tension for the temperature given and 
subtract it from the barometric reading given in the problem. 
From then on, the procedures are identical with those already 
given. 

Again referring to our example problem, if this gas had been 
collected over water, it would have been necessary to subtract 
17.4 (aqueous tension at 20° C.) from 740 mm. before devising 
the pressure fraction. This fraction would then have been 
and the answer obtained would have been the vol- 
ume of the dry gas at standard pressure. 

Gas Law Problems to be Solved 

1. If a given weight of gas occupies 950 cc. at 710 mm. pressure, 
what volume would it have at 750 mm. pressure? 

2. Calculate the volume of a gas at 10° C. if it occupies 680 cc. 
at 28° C. 

3. If a volume of gas measuring 780 cc. at 15° C. undergoes a 
temperature change to 32° C., what volume change will result? 

4. What will be the volume of a certain weight of gas which oc- 
cupies 1500 cubic feet if the opposing pressure on it is changed from 
30.1 inches of mercury to 29.3 inches of mercury? 

5. A gas measures 2175 cc. at 820 mm. pressure and — 15° C. 
What would its volume be at 720 mm. pressure and 50° C.? 

6. A student collected three 250 cc. bottles of hydrogen by the 
displacement of water when the barometric reading was 732 mm. and 
the temperature was 23° C. What volume would the dry gas have 
at standard conditions? 

7. 750 cc. of a gas were collected over water at a temperature of 
72° Fahrenheit and a pressure of 745 mm. Calculate the volume of 
the dry gas at standard conditions. 

8. If a student decomposed 7.5 g. of potassium chlorate in a 
laboratory where the temperature was 25° C. and the pressure was 
735 mm., what volume of dry oxygen would he have? 
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9. Enough water was decomposed ■ by electrolysis to yield three 
liters of oxygen measured .at 21° C. and 735 mm. pressure. What 
volume of hydrogen was also obtained? What volumes would these 
gases have under standard conditions?' 

10. Calculate the volume each of the following volumes of gas 
would have under standard conditions. 


Collected Over Mercury | 

Collected Over Water 

V. 



V. 

P. 

T. 

(a) 300 cc. 

750 mm. 

18° C. 

(f) 25 liters 

785 mm. 

6“ C. 

(b) 85 cu. ft. 

200 mm. 

20° C. 

(g) 160 cc. 

950 mm. 

50° C. 

(c) 20 liters 

350 mm. 

0° c. 

(h) 2 cu. ft. 

450 mm. 

10° C. 

(d) 1000 cc. 

1500 mm. 

100^ c. 

(i) 7S0 cc. 

750 mm. 

75° C. 

(e) 100 liters 

100 mm. 

100° c. 

(j) 842 cc. 

728 mm. 

18° C. 
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TABLES OF USEFUL INFORMATION 


TABLE 41 
Solubility Chart 
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A 

A 

a 

S 

A 

Ammonium 

S 

S 

S 

s 

s 

s 

s 

S 

s 

S 

S 

S 

S' 

s 

S 

Barium 

m 

s 

A 

s 

s 

A 

a 

S 

s 

s 

S 

A 

A 

I 

S 

Bismuth 

S 

s 

A 

s 

s 

A 

A ' 

A 

A 

■S' 

A 

A 1 


S' i 

A 

Calcium 

s 

s 

A 

s 

s 

s 

a 

s 

s 

s 

s 

A 

A 

A 

S 

Copper (ic) 

m 

S 

A 

s 

s '1 

S 

A 

A : 

s 

s 

A' 

A 

A 

S' 

A 

Iron (ous) 

s 

.s 

'A 

s 

s 


s 

m 

s 

s 

A 

A 

A 

S 

A 

Iron (ic) 

S ,i 

S' i 


's j 

s 

s 

S 

A 

s 

s 

A 

A 

' A 

s 

A " 

Lead 

s 

a 

A 

s 

a 

a 

A 

a 

s 

s 

A 

A 

^ A 

' a 

: A 

Magnesium 

s 

s 

A 

s 

s 

S 

a 

A 

s 

s 

A 

A 

A 

S 

A 

Manganese 

s 

s 

A 

s 

s 

s 

A 

A 

s 

1 s 

A 

A 

A 

s ■; 

a"'" 

Mercury (ous) 

s 

■ ' a 

A 

s 

a 

A 

S 


■ A 

; s 

A 

A 


s 

A' 

Mercury (ic) 

s 

S 

A 

s 

■ ■ 

s 

' " s 


' A 

s 

A 

A 


s 

A " 

Potassium 

' s 

s 

■ S 

s 

s 

s. 

S 

S 

"■ s 

s 

S 

S 

S 

s 


Silver 

s 

I 

A 

s 

'■ '1'". 

a" 

s. 


1 

s 

A 

A 


s 

__ 

Sodium 

S 

s 

S 

s 

s 

s 

s 

S 

s 

s 

S 

S 

S 

s 

S " 

Strontium 

S 

s 

A 

s 

s 

S\ 

a 

A 

s 

s 

s 

A 

A 

a 

s " 

Zinc 

s 

s 

A 

s 

s 

s 

s 

A 

s 

s 

A 

A 

A 

S 

A 


S = Soluble in water. 

A = Insoluble in water but soluble in acids, 
s = Sparingly soluble in water but soluble in acids, 
a = Insoluble in water and only sparingly soluble in acids. 
I = Insoluble in both water and acids. 
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TABLE 42 

Heats of Formation in Calories 


Name 

Formula 

Calories 

Name 

Formula 

Calories 

Aluminum chlo- 
ride 

AICI3 

166,800 

Hydrogen chloride 

HCl ■ 

22,000 

Aluminum oxide 


390,000 

Hydrogen sulfate 

HaSO. 

193,300 

Calcium carbide 

CaC, 

14,600 

Hydrogen bromide 

HBr 

8,650 

Carbon dioxide 

0 

0 

94,385 

Hydrogen iodide 

HI 

-5,926 

Carbon monox- 
ide 

CO 

26,428 

Magnesium chlo- 
ride * 

MgCl^ 

153,200 

Carbon disulfide 

cs. 

-22,000 

Mercuric chloride 

HgCl^ 

53,300 

Cupric oxide 

CuO 

34,890 

Potassium iodide 



Ferric chloride 

FeCl^ 

96,040 

Silver sulfide 

Ag^S 

5,020 

Ferric oxide 

Fe ,03 

190,700 

Sodium chloride 

NaGl 

98,360 

Ferric sulfate 


641,770 

Water 

H 3 O 

69,000 
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TABLE 43 

Tension o£ Aqueous Vapor in Millimeters of Mercury 
(Readings in Centigrade) 


Temp. 

Press. 

Temp. 

Press. 

Temp. 

Press. 


4.57 

13" 

11.23 

26" 

25,20 


4.92 

14" 

11.98 ■ 

27" 

26.73 

2“ 

5.29 

15" 

12.78 

28" 

28.34 

3“ 

5.68 

16" 

13.63 

29" 

30.04 

4" 

6.10 

17" 

14.53 

30" 

31.82 

5“ : 

6.S4 

18" 

15.47 i 


42.17 

6" 

■ 7.01 

19° 

16.47 

o 

O 

55.32 

r 

7.51 

20" 

17.53 

50" 

92.51 

8® 

8.04 

21" 

18.65 

60" 

149.38 

r 

8.60 

22" 

19.82 

70" 

233.70 

10" 

'■"■':9.20.' 

23" 

21,06 

80" 

355.10 

11" 

;,9.84" V 

24" 

22.37 

90" 

525.76 

12" 

10.S1 

25" 

23.75 

100" 

760.00 
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TABLE 44 

Physical Constants of Some Common Gases 


Name 

Wt. in 

G. Per 
Liter 

B. P. 

Name 

Wt. in 

G, Per 
Liter 

B.P. 

Acetylene 

1.1730 

—83.6 

Hydrogen 

0,0898 

—252.7 

Air 

1.2929 


Hydrogen chloride 

1.6392 

—83.7 

Ammonia 

i 0.7710 

—33.35 

Hydrogen sul&de 

1.5390 

—61.80 

Argon 

1.7837 

—185.7 

Methane 

0.7168 

-161.4 

Carbon dioxide 

1.9769 

sublimes 

Neon 

0.9003 

-245.9 

Carbon monoxide 

1.2504 

—192.00 

Nitrous oxide 

1.9778 

-89.5 

Chlorine 

3.2140 

—34.6 

Nitric oxide 

1.3402 

—151.8 

Ethylene 

1.2604 

—103.8 

Nitrogen 

1.2505 

-195.8 

Fluorine 

1.6960 

—187.00 

Oxygen 

1.4290 

-183.00 

Helium 

0.1784 

-268.9 

Sulfur dioxide 

2.9269 

—10.00 
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TABLE 45 


Melting Points and' Densities: of Some ■ Common Elements 


vNamE', 

M. P. 

Density 

G./cc. 

Name 

M. P. 

Density 

G./cc. 

Aluminum 

660'=’ 

2.7 

Mercury 

1 

00 

bo 

o 

13.59 

Antimony 

630® 

6.68 

Nickel 

1452° 

8.90 

Arsenic 

sublimes 

5.73 

Phosphorus (yel- 
low) 

44.1® 

1.82 

Bismuth 

271° 

9.78 



Phosphorus (red) 


2.20 

Bromine (liquid) 

-7.2® 

3.12 


Platinum 

1755® 

21.45 

Calcium 

810® 

1.54 

Potassium 

62.3° 

0.86 

Carbon (diamond) 

3500° 

3.51 

Silicon 

1420® 

,2.42 

Carbon (graphite) 

3500° 

2.25 

Silver 

960.5® 

10.50 


1083° 

8.93 

A^uppcr 

Sodium 

97.5° 

0.97 

Gold 

1063® 

19.32 

Sulfur (mono- 
clinic) 



Iodine 

113.5® 

4.93 

119® 

1.96 

Iridium 

2440® 

22.42 

Sulfur (rhombic) 

112.8° 

2.07 

Iron 

1535° 

7.85 

Tin 

231.9® 

7.31 

Lead 

327.5° 

11.35 

Tungsten 

3370° 

19.3 

Magnesium 

651® 

..,4 

Zinc 

419.4® 

7.14 
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TABLE 46 


Some Common UsMuL Equivalents 


1 ounce 

1 pound 

1 kilogram 

1 liter 

1 liter 

1 liquid quart 

1 gallon 

1 cubic foot 

1 cc. of water weighs 


28.35 g. 

454.00 g. ' , 

2.2 pounds ' 

1000.00 cc. 

1.06 quarts 

946.00 cc. 

'3.78 liters 
28.3 liters 

1.0 g.at 4° C 


FAHRENHEIT-CENTIGRADE CONVER- 
SION EQUATIONS 

To change a temperature given in Fahren- 
heit degrees to centigrade, we use the equa- 
tion 

C. = A(F.-32) 

9 

To change a temperature given in centi- 
grade degrees to Fahrenheit, we use the 
equation 

F. = -^C.-H32 

s ■ 

Temperature Problems to be Solved 

1. Change the following Fahrenheit tempera- 
tures to centigrade: (a) 52; (b) 32; (c) 212; 
(d) 462; (e) --62. 

2. Change the following centigrade tempera- 
tures to Fahrenheit: (a) 17.8; (b) 60; (c) 212; 
(d) -40; (e) —273; (f) 150. 


C F 



Fig. 374. Com- 
parison of centi- 
grade and Fahr- 
:';'^\enheit' scales.::.''/ 
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Abrasives, 444 
Accelerators, 277 
Acetanilide, 54 
Acetate, 120 
Acetic acid, 149, 658 
Acetone, 6S5 

Acetylene, 474, 632, 640, 739 
Acbeson, 491, 601, 602, 603 ill. 

Acid anhydrides, 290 
Acids 

classifying and naming, 227 
comparison of, 229 
general characteristics of, 213 
preparation of, 223 
Acids and bases 
reactions between, 219 
strength of, 218 
Active Material, 205 
Activity Series, 513 
of the metals, 209 
of non-metals, 347 
value of, 211 
Adsorption, 168 
Agate, 488 
Air.' 

composition of, 370 
composition, how determined, 369 
conditioning, 372 
definition of, 369 
liquefaction of, 373 
liquid, 373 

physical constants, 739 
. .pressure .of, 734''' 
rare gases in, 375 
Alabaster, 479 
Alchemy, xx-xsiii 
Alcohol, 665 
Aldehyde, 654, 665 
Allotropes, 598 
Allotropic forms 
definition of, 35 
of carbon, 598 
of oxygen, 35 


Allotropic forms (Cont.) 
of phosphorus, 404 
of sulfur, 268 
Alloy steels and iron, 553 
composition of, SSS 
Alloys, 509, 550 
aluminum, 555 
bismuth, 556 
copper, 557 
ferrous, 553 
gold, 558 

importance of, SSO 
lead, 558 

low melting point, 556 
magnesium, 55 S 
mercury, SS9 
nature of, 550 
non-ferrous, 555 
properties of, 551 
silver, 558 
theories of, 560 
tin, 559 

Alpha rays, 107 
Alum, 302 

Alumino-thermics, 539 
Aluminum 
alloys of, 555 
extraction of, 535 
melting point and density, 740 
products, 537, 538 
properties and uses of, 537 
story of, 534 
valence of, 119 
Aluminum compounds 
chloride, 737 
hydroxide, 573 
lakes, 573 
mordants, 573 
uses of, 573 
oxide, 737 
sulfate, 174 

Aluminum extraction process, 535 
Amalgams, 559 
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Amethyst, 488 
Ammonia, 127, 385, 739 
commercial preparation of, 384 ill. 
cyanamide process, 384 
Haber process, 383 
history of, 382 
preparation of, 382 
laboratory, 382 ill. 
properties of 
chemical, 385 
physical, 385 
uses of, 386 
Ammonification, 424 
Ammonium compounds, 388 
bicarbonate, 388 
chloride, 382, 388 
hydroxide, 382 
nitrate, 388 
phosphate, 388 
sulfate, 388 
Ammonium salts 
composition and uses of, 387 
tests for, 388 

Amorphous substances, 156 
Amphoteric, 115, 356 
Analysis, 11 
Anhydrides 
acidic, 224 
basic, 224 
Anhydrite, 479 
Anhydrous, 156 
Animal charcoal, 60S 
Annealing, 530 
Anode, 187 
mud, 533 
plates, 533 
Antimony 
compounds of, 410 
melting point and density, 740 
sources of, 410, 705 
use of, 411, 70S 
valence of, 119 
Apatite, 401, 469 
Aqua regia, 393 
Aqueous tension, 733 
Aqueous vapor 
tension of, 738 
Arc furnace, 529 ill. 


Arc process, 391 
Argon, 375 

physical constants, 739 
Aromatic series, 645 
Arrhenius, Svante, 183, 189 ill. 

theory of, 187 
Arsenate of lead, 429 
Arsenic 

compounds, 410 
melting point and density, 740 
preparation of, 408 
properties of, 408 
valence of, 119 
Arsine, 410 
Asbestos, 492 
Aspdin, Joseph, 496 
Aston, Francis William, 359 ill. 
Atomic nuclei, 101 
Atomic numbers, 357 
Atoms, 112 
definition of, 65 
diagraming the structure, 102 
per molecule, 82 
solar-system, 101 
structure of, 99 
summary of composition, 98 
Automobile radiator, 542 ill. 
Avogadro, Amadeo, 80 ill. 
law of, 80 

Avogadro ’s hypothesis, 257 
Azote, 378 

Babbitt metal, 410, 560 
Baekeland, Leo Hendrik, 653 ill. 
Bakelite, 654 
Baking powders, 464 
chemistry of 
phosphate, 465 

sodium aluminum sulfate, 465 
tartrate, 464 
Balancing equations 
for combination and decomposition 
reactions, 249 

for double and single replacement 
reactions, 248 
Balard, 342 
Barite, 302 
Barium, 119 
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Barium . compounds . 
cWoride, 141 
nitrate, 394 
sulfate, 302 
Barren knd, 415 
Bases 

classifying, 227 
definition of, 217 
general characteristics of, 214 
naming, 227 

Base-forming elements, 512 
Battery 

measuring strength of, 209 
Battery hydrometer, 209 ill. 
Bauxite 
mining, 536 ill. 

Beating, 683 

Becquerel, Henri, 108 ill. 

Becquerel rays, 106 

Behavior of halogen elements, 347 

Benzene, 149, 640 

Benzene ring, 645 

Benzene series, 645 

Bergius process, 627 

Berthollet, 382 

Berzelius, Jons Jakob, 125 ill. 
Bessemer, Sir Henry, 523 
converter, 523 ill, 524 ill, 525 
process, 523 
Beta rays, 107 
Bibliography, 743 
Bismuth, 411 
alloys of, 556 

melting point and density, 740 
solder, 556 
valence of, 119 
Black, Joseph, 606 
Black 

graphite, 577 
lampblack, 577 
Blast furnace, 519 
illustration, 518 
reactions of, 520 
Bleaching 

commercial, 320 ill 
with sulfur dioxide, 288 ill 
Blister copper, 532 
Blowtorch, oxy-hydrogen, 52 ill 


Blue 

Prussian, 577 
ultramarine, 577 
Blueprinting, 580 
Bohemian glass, 502 
Bohr atom, 104 
Bohr, Niels, 103 ill 
Boiler scale, 485 
illustration, 484 
Boneblack, 605 
Borates, 446 
Borax, 460 

Bordeaux mixture, 429 
Boric acid, 460 
Bower-Barff process, 569 
Boyle, Robert, 8 ill 
Bragg, W. H. and W. L., 358 
Brasses, 557 

Bredig’s electric arc, 1 71 ill 
Britannia metal, 410, 560 
British thermal unit, 618 
Bromine, 82, 341 
commercial preparation of, 342 
discovery of, 342 

extracting, from sea water, 343 ill 
laboratory preparation, 342 ill 
melting point and density, 740 
occurrence of, 341 
properties of, 344 
tests for, 347 
uses of, 345 
valence of, 119 
Bronze age, 509 
Bronzes, 557 
Brown 

burnt sienna, 577 
burnt umber, 577 
raw umber, 577 
Brown ring test, 395 
Brownian movement, 163 
B. T. U., 618 

Buckles used in making lead carbon- 
ate, 574 ill 

Bunsen burner, 634 ill 
Bunsen, Robert Wilhelm, 586 ill 
Burning, 27 
products of, 39 

Burning phosphorus in air, 370 
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Burnt lime, 475 
Burton, 625 
Butane, 639, 644, 650 
Butine, 640 
Butylene, 640 
Butyric acid, 658 

Cadmium, 119 
Calcite, 471 
Calcium 

melting point and density, 740 
minerals of, 469 
valence of, 119 
Calcium compounds 
arsenate, 410 
carbide, 474, 737 
carbonate 
occurrence of, 468 
uses of, 468 
varieties of, 471 
chloride 

comparison of freezing points, 186 
minerals of, 469 
occurrence of, 474 
solubilities, 141 
hydroxide 
preparation of, 477 
properties of, 477 
uses of, 478 
metal, 475 
oxide, 475 
phosphate, 403 
sulfate 

natural forms, 478 
solubilities, 141 
uses of, 302 
Calorific value, 617 
Calorimeter, 617 
illustration, 617 
Calorizing, 568 
Canal rays, 97 
Caoutchouc, 273 
Caramel, 669 
Carbide, calcium, 474 
Carbohydrates, 598 
cellulose, 667, 673 
starch, 667, 672 
sugar, 667 


Carbon 

allotropic forms, 598 
amorphous, 598 
character of, 598 
importance in nature, 598 
melting point and density, 740 
occurrence of, 598 
valence of, 119 
Carbon compounds 
dioxide 

■' chemical properties of, 610 
heat of formation, 737 
laboratory preparation of, 609 ill 
occurrence of, 606, 608 ill. 
oxygen cycle, 372 
preparation of, 60S 
physical constants, 739 
physical properties, 609 
test for, 39 
uses of, 612 
disulphide 

heat of formation, 737 
preparation of, 270 ill. 
monoxide 
effects of, 613 ill. 
heat of formation, 737 
meanings of formulas, 127 
physical constants, 739 
preparation of, 612 
properties of, 612 
uses of, 61 5 
tetrachloride, 320 
Carbolic acid, 653 
Carbonates, 598 
common minerals, 446 
valence of, 120 
Carbonic acid, 610 
Carborundum, 491 
furnace, 491 ill. 

Carburetor, 625 ill. 

Carlsbad caverns, 461, 472 
Carnallite, 461 
Case-hardening, 530 
Castings, 522 

.Gastner's electrolytic progress, 453 ill 
Catalysis, 26 
Catalytic agents, 26 
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Cathode, 187 
rays, 95 

Caustic potash, 462 
Caustic soda, 453 
Cavendish, Sir Henry, 43 ilL 
Caverns, 472 ill. 

Caves and caverns, 472 
Celanese, 679 
Cellophane, 395, 735 
Cellulose 

acetate, 399, 658, 679 
Cement 

hardening of, 498 
how made, 496 
natural, 496 
Portland, 496 
setting of, 496 
Cementite, 52 1 
Ceramic industry, 495 
Chalk, 468 
Charcoal, 602 
making, 604 ill. 

Chemical activity, 110 
Chemical analysis, 510, 584 
Chemical changes, 16 
Chemical coatings 
protection by, 569 
Chemical problems 
based on equations, 252 
Chemical properties, 6, 66 
Chemical reactions, 18 
control of, 20 
Chlorides 
test for, 335 
Chlorine 

chemical properties of, 315 
behavior with hydrogen, 315 
behavior with metals, 316 
behavior with water, 316 
nascent condition, 317 
commercial preparation of, 3 14 ill. 
discovery of, 309 

number of atoms per molecule, 82 
physical constants, 739 
physical properties of, 314 
preparation of, 311 

bleaching agent, 317, 318 ill. 


Chlorine, uses of (Cont.) 
germicide, 319 
in warfare, 322 

making chlorine compounds, 320 
other uses of, 324 
valence of, 119 
Chloroform, 320 
Chlorophyll, 414, 672 
Chromite, 543 
Chromium 
occurrence of, 543 
properties of, 545 
uses of, 545, SS4 
Cinnabar, 546 
Citric acid, 659 
Classification 
attempts at, 350 
Clay 

composition of, 418 
physical properties of, 494 
products, 495 
uses of, 495 
Cleavage 

between crystals, 561 
occurrence of, 444 
Cleveite, 376 
Coal 

anthracite, 619 
bituminous, 619 
mining, 619 ill. 

Coal gas, 629 
manufacture of, 629 ill. 

Coatings 
chemical, 569 
metallic, 565 
non-metallic, 571 
Cobalt 

valence of, 119 
Cohesion, 441 
Coke, 603 
ovens, 607 ill. 

Colemanite, 469 
Colloid chemistry 
common applications, 173 
development of, 160 
Colloidal dispersions, 172 
Colloidal systems, 164 
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Colloids 

general properties of, 167 
mill, 170 ill. 
preparation of, 171 
properties of, 159 
protective, 172 
Colors 

pigment, 168 
structural, 168 

Columns, of stalactites or stalagmites, 
472 

Combining volumes 
law of, 56 
Combustion, 35 

Composition of molecules and ele- 
ments, 79 
Compounds 
definition of, 11 
non-polar, 118 
polar, 118 

Compressor, high pressure, 385 ill. 
Concrete, 497 
reinforced, 499 
Condensation, 439 
Confirmatory tests, 588 
Conservation of energy 
law of, 16 

Conservation of matter 
law of, 17 

Contact poisons, 429 
Converter for copper, 532 ill. 

Copper 
alloys of, 557 
importance of, 531 
melting point and density, 740 
metallurgy, 532 
occurrence of, 531 
properties of, 533 
refining of, 533 
uses of, 533 
valence of, 119 
Copper sulfate, 141, 302 
Coquina, 47l 
Coral, 468 
Corrosion 
causes of, 563 

electrochemical theory of, 566 ill. 
facts of, 563 


Corrosion (Cont.) 
prevention of, 565 
problem of, 562 
Cosletizing process, 570 
Cotton, 677 

Cottrell process, 176 ill. 
definition of, 176 
elimination of smoke by, 177 
Courtois, 345 
Covalence, 116 
Cracking process, 624 
Critical temperature, 374 
Crookes, Sir William, 95 ill. 

tube, 96 ill. 

Crown glass, 502 
Crucible process, 523, 528 
Crude oil, 622 
Cryolite, 341, 534, 535, 707 
Crystallization, 439 
in supersaturated solution, 143 ill. 
Crystalloids, 159 
Crystal meal, 155 
Crystal systems, 443 
Crystals 

arrangement of, 441 ill, 
characteristics of, 154 
fashions, 440 
formation of, 154 
nature of, 439 
Cupric oxide, 697 
Curie, Madame Marie, 108 ill. 
Cyanamide process, 384 
Cyanide process, 547 

Dakin-Carrell solution, 309 
Dakin’s solution, 321 
Dalton, John, 58 ill. 
atomic theory, 78 

Davy, Sir Humphry, 454 ill., 475, 636 
medal, 352 
safety lamp, 635 ill. 

Definite composition, law of, 11 
Dehydrating agent, 297 
Deliquescence, 157 
Delta, formation of, 165 ill. 

Denatured alcohol, 652 
Denitrification, 425 
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Densities of some common elements, 
740 

Developer, 58 1 
Dewar flask, 375 ill. 

Dextrin, 672 
Dextrose, 669, 671 
Dialysis, 160 
Diamond, 599 ill. 

Diatomaceous earth, 489 ill. 

Diatomite, 488 
Dicalcium phosphate, 409 
Diesel engine, 627 
Diffusion ■ 
in gases, 67 
in liquids, 68 
in solids, 69 
Dimorphous, 445 
Discharge tube, 94 ill. 

Disodium phosphate, 409 
Displacement of metals, 210 ill. 
Dissociation, theory of, 202 
values of, 194 
Distillation 
apparatus, 153 ill. 
fractional, 154 

separating solute and solvent, 153 
Dobereiner’s triads, 351 
Dolomite, 469 
Dowflake, 475 
Dowmetal, 555 
Drierite, 480 
Driers, 574 
Dry ice, 611 ill. 

Duralumins, 555 
Dust explosions, 36, 37 ill., 38 
Dyes and dyeing, 572, 683 
Dynamite, 396 

Ebonite, 276 
Effervescence, 141 
Efflorescence, 157 
Electric cell, 204 ill. 

Electric furnace 
charging an, 530 ill. 
in steel making, 528 
method of, 523 
Electrical charges, static 
negative, 93 


Elecrical charges, static ( Cont .) 
positive, 93 
study of, 93 
Electroforming, 202 
Electrolysis 

cupric chloride solution, 198 
definition of, 187 
refining metals, 516 
solutions, 187 ill., 197 
water, 47 ill., 198 ill. 

Electrolytes 
definition of, 187 

from standpoint of ionization, 216 
ionic compounds, 165 
Electrons, satellite, 101 
Electroplating 
fundamentals of, 200 
of copper, 201 ill. 
of metal coatings, 569 
Electrotype 
steps in making, 203 
Elements, 446 
base-forming, 512 
distribution in nature, 10 
in human body, 11 
ninety -two, inside back cover 
transmutation of, xxi 
Empirical formulas, 640, 672 
Emulsifying agent, 166 
Emulsions, 166 
Energy, 5 
Energy changes 
endothermic, 22 
exothermic, 22 
Enzymes, 651 
Epsom salts, 302, 469, 481 
Equation weight 
definition of, 253 
Equations, 18 
balancing of, 219 
classified for study, 242 
directions for writing and balancing, 
247 

for chemical reactions, 239 
meanings of molecular, 240 
molecular and ionic compared, 241 
precautions in writing molecular, 
245 
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Equations (Cont.) 

tentative, 348 
Equilibrium 

reactions which do not result in, 191 
Equivalents, 741 
Erosion, 416 
Esterification, 659 
Esters 

general characteristics of, 659 
hydrocarbon derivatives, 665 
Ethane, 639, 644, 650 
Ether, 656 

administering, 656 ill. 
hydrocarbon derivative, 665 
vapor pressure, 149 
Ethyl acetate, 660 
Ethyl alcohol, 186 
Ethylene 
chloride, 320 
glycol, 653 

hydrocarbon series, 640 
physical constants, 739 
Eudiometer tube, 54, 55 ill. 
Evaporation 

separating solute and solvent, 152 
Explosion, blasting powder, 20 ill. 
Explosives 
in industry, 398 
manufacture of, 395 
mixtures, 635 

Facets in diamonds, 600 
Fahrenheit-centigrade 
conversion equations, 741 
Families, chemical, 354 
Faraday, Michael, 188 ill. 

Fats, 674 

Fatty acids and their esters, 661 
Feeding the soil, 419 
Feldspar, 494 
Ferric 

chloride, 737 
oxide, 737 
sulfate, 737 
Ferrous 
alloys, 553 
sulfate, 302 


Fertilizers 
commercial, 422 
natural, 422 
Fibers 

animal, 677, 678 
artificial, 677, 679 
microscope views, 677, 678 
natural, 677 
plant, 677 
Fibroine, 678 

Fillers,, in tire manufacture, 277 
Fire, 27, 697 
damp, 639 

extinguishers, 465, 466 ill. 
fighter’s suit, 494 ill. 

Firefoam, 466, 467 ill. 

Flame tests, 585, 586 
Flames, 633 
details of, 633 ill. 

Flint, 488 
glass, 503 
Flotation, 514 
machine, 5 15 ill. 

Fluorine 

atoms per molecule, 82 
compounds of, 340 
physical constants, 739 
properties of, 339 
valence of, 119 
Fluorite, 340, 469 
Flux, 340, 516 
Foamite, 465 
Foams, 167 
Fogs, 167 
Foods, 667 
Formaldehyde, 654 
Formalin, 655 
Formic acid, 658 
Forming, in storage batteries, 205 
Formulas, simple 

calculating from percentage compo- 
sition, 128 
meaning of, 127 
radicals, 118 

writing from valence, 118 
Fractional distillation, 623 
Frasch, Herman, 265 
process, 266 ill., 267 
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Freighters, for carrying ore, Sl7 ill 
Frosting electric bulbs, 341 
Froths, 167 
Fuel oil, 624, 627 
Fuels, 616 

explosive mixtures, 633 
flames, 633 
gaseous, 627 
liquid, 620 
other liquid, 627 
solid, 618 
other solid, 620 
Fungicides, 410, 429 
Fusible alloy, SS6 

Galena, 543 

Galvanized iron, 568 

Gamma rays, 107, 108 

Gas carbon, 606 

Gas laws, 731 

Gas mask, 605 ill, 606 ill 

Gases 

physical constants, 739 
rare, 110 

Gasoline, 624, 700 
cracking process, 625 ill, 700 
other sources, 625, 701 
Gas-stove burner, 635 ill. 

Gay-Lussac, Joseph Louis, 56 ill 
Gesner process for coating metals, 569 
Glass 

block, 500 ill 
manufacture, 501 ill 
materials of, 500 
story of, 499 
varieties of, 502 
Glauber, 389 
Glauber^s salt, 452 
Glucose, 669 
Glycerin, 186, 652 
Goiter, 347 
Gold 

cyanide process for extracting, 547 
• melting point and density of, 740 
occurrence of, 547 
properties of, 547 
separation of, 545 
- '■ |.;USeS,'Of,:'S48'V,,, 


Gold (Cont.) 

valence of, 119 
Gold and silver 
alloys of, 558 
Goodyear, Charles, 272 
Goodyear’s contribution, 276 
Graham, Thomas, 159 ill. 

Grain alcohol, 651 
Gram molecular volume 
comparison of G. M. W. and G, 
M. V., 90 
definition of, 90 
Gram molecular weight, 89 
Granite, crystalline form, 440 ill. 
Graphite, 521 
furnace, 601 
preparation of, 601 
uses of, 602 
Gravity separation, 514 
Green 

chrome ocher, 577 
Scheele’s, 577 
verdigris, 577 
Greensand, 485 ill. 

Grid in batteries, 205 
Groups, chemical, 354 
Guncotton, 397 
Gypsum, 302 

mineral of calcium, 469, 478 

Haber, Dr. Fritz, 384 ill. 

process, 380, 383 
Halides, 446 
Halite, 446 

Hall, Charles Martin, 534, 535 ill 
Halogens 

atomic structure, 339 
comparison of, 337 
meaning of, 336 
related elements, 310 
Hartshorn, spirits of, 382 
Heat of formation, 348 
m calories, 737 
Heat-energy changes, 16 
Heavy water, 361 
Helium 

atoms per molecule, 82 
discovery of, 376 
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Helium (Gont.) 
how obtained, 376 
physical constants, 739 
properties of, 376 
rare gases, 375 
value of, 52 
Heptadecane, 639 
Heptane, 639 
Hexane, 639, 644 
Holland Tunnel 
purification of air, 614 ill 
Homologous series, 638 
Hopcalite, 614 
Humus, 418 
Hydrates, 156 
Hydraulic cement, 496 
Hydrocarbons, 598 
, methane series, 638 
occurrence of, 638 
saturated, 642 
series, 640 

their corresponding alcohols, 650 
their corresponding radicals, 644 
unsaturated, 642 
Hydrochloric acid . 
action with metals, 334 
action with oxidizing agents, 334 
chemical properties, 333 
in formation of chlorides, 335 
preparation of, 331 
uses of, 335 
Hydrofluoric acid, 341 
Hydrogen 

atoms per molecule, 82 
commercial preparation of, 46 ill. 
comparison G. M. W. and G. M. V., 
90 

discovery of, 42 
distribution of, 43 
history of, 42 

laboratory preparation of, 45 ill 
occurrence of, 43 
physical constants, 739 
preparation of, 44 
properties of, 47 
uses of, 51 
valence of, 119 
Hydrogen bromide, 737 


Hydrogen chloride 
fountain, 333 ill 
heat of formation, 737 
laboratory method of preparation, 
332 m. 

physical constants, 739 
physical properties of, 333 
Hydrogen flames, 44 ill 
Hydrogen iodide 
heat of formation, 737 
Hydrogen sulfate 
heat of formation, 737 
Hydrogen sulfide 
chemical properties of, 281 
laboratory preparation of, 280 ill 
physical constants, 739 
physical properties of, 280 
preparation of, 280 
uses of, 283 
where found, 280 
Hydrogenation, 53 
Hydrolysis reactions, 220 
Hygroscopic, 653 
Hydroxides, 120 
Hypo, photographers, 458 
Hypothesis, 84 

Ice 

artificial, 386 
dry , 610 

manufacture of, 387 ill 
Iceland spar, 471 
Images, 584 ill. 
negative, 584 
positive, 584 

Indicators for acids and bases, 214 
Infusorial earth, 396 
Ingots, 525, 528 ill 
Inks, manufacture of, 579 
Insecticides, 341, 410, 428 
Insulating, 479 ill 
Invert sugar, 669 
Iodine, 706 

laboratory preparation of, 346 ill . 
melting point and density, 740 
occurrence of, 345 
properties of, 346 
tests for, 347 
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Iodine (Cont.) 
tincture of, 346 
uses of, 347 
valence of, 119 
Iodized salt, 451 
Ionic dissociation 
equations for, 185 
Ionic equilibrium, 190 
Ionic valence, 115 
Ionization 

electrolytes from standpoint of, 216 
Ions, ionic compounds, 112, 113 
Iridium, 700 
Iron 

melting point and density, 740 
pig, 520 
valence of, 119 
Irrigation, 415 ill 
Isinglass, 494 
Isomerism, 641 
Isometric system, 442 
Isomorphous, 445 
Isotopes, 359, 360 ill. 

Jewett, Frank Fanning, 534 

Kainite, 461 
Kaolin, 494 
Kernite, 460 
Kerosene, 624, 627 
Ketone, 655, 665 
Kindling temperature, 36 
Kinetic energy, 70 
Krypton, 375, 376 

Lachrymator, 322 
Lacquers, 577 ill. 

Lactic acid, 669 

Lactose, '669 . , . . 

..'Lakes, 573 
Lampblack, 605 
Langmuir, Irving, 103 ill. 

Latent image, 581 
Latex, 273 

Lavoisier, Antoine Laurent, 17, 369, 
606 

experiments, 28, 29 

■'Law:::of''.^"' 

Avogadro, 80 


Law of (Cont.) 

Boyle, 74 
Charles, 74 

combining volumes, 56 
conservation of energy, 16 
conservation of matter, 17, 76 
definite composition, 77 
Gay-Lussac, 56 
Mendel] eff, 354 
multiple proportions, 58 
Lead 

alloys of, 558 
arsenate, 410 
concentration of, 545 ill. 
melting point and density, 740 
metallurgy, 543 
mine, 544 ill. 
pouring pigs of, 546 ill. 
properties and uses of, 545 
refining of, 545 
separation of, 588 
valence of, 119 
Lead pencils, 602 
Le Blanc soda process, 331 
Legume, 421 

Leguminous plant, 425 ill 
Levulose, 669, 671 
Lewis, G. N., 102 ill. 

Lignite, 620 
Lime 

products and their applications, 475 
Lime kilns, 476 ill. 

Limestone, 468, 469 
illustration of, 470 
quarrying, 473 
uses of, 473 
Limewater, 477 
Linen, 677 

Liquefaction of air, 374 ill. 

Liquid air, 373 
Lithopone, 576 
Litmus paper, 214 
Loam, 418 
Lye, 453 

Magnesite, 469 
Magnesium 
alloys of, 555 
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Magnesium (Cont.) 
extraction and uses of, 539 
melting point and density, 740 
minerals of, 469 
valence of, 119 
Magnesium minerals 
chloride, 481, 737 
hydroxide, 480 
magnesite, 480 
oxide, 480 
oxychloride, 481 
oxysulfate, 481 
sulfate, 302, 481 
Maltose, 669 
Manganese: : 
uses of, 5S3, 706 
valence of, 119 
Marble, 469, 471 
quarrying, 470 ill. 
statue of, 471 ill. 

Marl, 468, 469 

Marsh gas, 638 

Marsh test for arsenic, 410 ill. 

Matches, 406 ill. 

manufacture of, 406, 407 ill. 

Matte, 532 
Matter 

classification of, 7 
in colloidal condition, 159 
transformations of, 14 
Meerschaum, 492 
Melting points 

of some common elements, 740 
Mendeljeff, Dmitri Ivanovitch, 352 ill. 
classification of, 352 
law of, 354 
Mercuric chloride, 737 
Mercuric oxide, 23, 24 
Mercury, 589 
alloys of, 559 
atoms per molecule, 82 
extraction of, 546 
melting point and density, 740 
properties and uses of, 546 
valence of, 119 
Mesitylene, 640 
Metaborates, 587 


Metallurgy, 509 
principles of, 514 
Metal cutting, 40 ill. 

Metallic coatings 
protection by, 565 
Metals, 8 
analysis for 
bead tests, 587 
flame tests, 585 
groups, 588 
.speetrosGope,,,58S 
as electrical conductor,. 531 
coatings, 540 
occurrence of, 513 
precious, 547 
properties of 
chemical, 512 
physical, 513 
refining of, 516 

sinews of our machine age, 517 
Methane, 639, 644, 650 
hydrocarbon series, 665 
occurrence of, 638, 639 
physical constants, 739 
series, 638 
Meyer, Lothar, 352 
Mica, 444, 492 
Microcosmic salt, 587 
Milk of magnesia, 480 
Milk sugar, 669 
Minerals 

classification of, 445 
common, 446 
definition of, 437 
origin and formation of, 439 
physical properties of, 444 
products obtained from, 435 
Minerals of calcium and magnesium, 
469 

Miner’s safety lamp, 636 ill 
Mining, open pit, 519 
Mispickel, 408 
Mixtures, 11, 138 

dMerence between mixtures and 
compounds, 13 
Moissan, Henri, 340 ill. 

Molasses, 668 
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Molecule 
definition of, 65 

formation of, by exchange of elec- 
' trons, 111 
nature of, 71 
Molybdenum, 554 
Monel metal, 340 
Monocalcium phosphate, 409 
Mono-chlor derivative, 664 
Monosodium phosphate, 409 
Mordants, 573 

Morley, Edward Williams, 58 ill. 
Mortar, 478 

Moseley, Henry, 100 ill, 358 
Mother liquor, 342 
Multiple proportions 
law of, 77 
Mustard gas, 322 

Naphtha, 622 
Natural gas, 628 
Negative charge, 204 
Neon, 376 

atoms per molecule, 82 
physical constants, 739 
Neoprene, 277 
articles made from, 278 ill. 
Neutralization 
definition of, 219 
heat of, 219 

Neutron, definition of, 98 
Newland’s octaves, 3Sl 
Nickel, 554 

melting point and density, 740 
occurrence of, 542 
properties of, 542 
uses of, 542 
valence of, 119 
Nicotine sulfate, 429 
Niter, 463 
Nitramon, 398 
Nitrates, 120, 446 
uses of, 394 
Nitration, 397, 546 
Nitric acid 
history of, 389 
preparation of 
arc method, 391 


Nitric acid, preparation of (Cont.) 
from ammonia, 390 
laboratory method, 389, 390 ill. 
properties of 
chemical, 392 
physical, 391 
salts of, 394 
uses of, 395 
Nitric oxide, 739 
Nitrides, 380, 386 
Nitrification, 424 
Nitrites, 399 
Nitrocellulose, 395 
other uses of, 397 
Nitrogen 

atoms per molecule, 82 
cycle, 426 
family, 400, 402 
fertilizer, 420 ill. 
fixation of, 423 
occurrence of, 378 
physical constants, 739 
preparation of 
from air, 378 
from compounds, 379 
in laboratory, 379 ill 
properties 
chemical, 380 
physical, 379 
uses of, 380 
valence of, 119 
Nitroglycerin 
manufacture of, 396 ill. 

Nitrous acid, 399 
Nitrous oxide, 739 
Nobel, Alfred, 397 ill 
Nobel prize 
establishment of, 92 
Non-electrolytes, 187 
Non-metallic coatings 
protection by, 571 
Non-metals, 8 
Nucleus, 99 

Octane, 639 
Octaves, law of, 351 
Oersted, 534 
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Oil cracking still, 626 ill. 

Oil field scene, 621 ill. 

Oil refinery, 623 ill. 

Oilsv, 

hydrogenation of, 674 
Old Dutch process, S 74 
Olefines, 642 
Oleic acid, 658, 661 
Opal, 488 

Open hearth furnace, 525 ill. 

Open hearth process, 523, 526 
Orbit completeness, 111 
Orbits, 99 
Ore treatment 
chemical, 514 
mechanical, 514 

Organic acids, 595, 657, 658, 665 
Organic chemistry, 595 
Orpiment, 408 
Ostwald process, 390 
Oxalic acid, 659 
Oxidation, 35, 48 

methods of controlling speed of, 35 
what happens in, 325 
Oxidation and reduction 
in terms of electrons, 327 
Oxides, 446 
coatings, 569 
definition of, 40 
Oxy-acetylene blowtorch, 41 
Oxygen 

as a purifying agent, 33 ill. 
atoms per molecule, 82 
comparison G. M. W. and G. M. V., 
90 

discovery of, 23 
history of, 23 
importance of, 30, 39, 41 
physical constants, 739 
physical properties of, 26 
preparation of, 25 
laboratory method, 27 ill. 
Priestley’s method, 26 ill. 
tent, 33 ill. 
test for, 26 

uses of, in industry, 41 
valence of, 119 


Ozone 

in the atmosphere, 34 
preparation of, 34 

Paint 

manufacture of, 573 
pigments, 574 
Palmitic acid, 658, 661 
Paper, 681 
making, 682 ill. 

Paris green, 410, 428 
Parkerizing process, 570 ill. 

Parkes process, 545 
Patina, 533 
Peat, 620 

Pentane, 639, 644, 650 
Pentine, 640 
Pentylene, 640 
Percentage composition 
calculating, 127 
Periodic classification 
defects of, 356 

of elements, and atomic numbers. 
355 

values of, 356 
Periodic law, 352, 353, 359 
Periods of elements, 354 
Petrified wood, 488 
Petroleum 

characteristics of, 622 
occurrence of, 622 
percentage yield, 622 ill. 
refining of, 622 
Pewter, 410, 559 
Phenol, 653 

Philosopher’s stone, xxi 
Phlogiston theory, 27 
Phosgene, 323, 615 
Phosphate 
coatings, 570 
common minerals, 446 
crown glass, 502 
of sodium and calcium, 409 
valence of, 120 
Phosphorescent, 106 
Phosphoric acid and its salts, 408 
Phosphorite, 401, 469 
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Phosphorus 

chemical properties, 405 
discovery of, 401 
for the soil, 426 
melting point and density, 740 
occurrence of, 401 
physical properties, 404 
red, 405 
white, 404 

preparation of, 403, 403 ill. 
uses of, 405 
valence of, 119 
Photographic film, 582 ill. 
Photographs 

chemical steps in making, 583 ill. 
Photography, 581 
chemical steps, 583 ill. 
other processes, 583 
preparing negative, 581 
preparing print, 581 
Photosynthesis, 414, 672 
Physical changes, 15 
Physical properties, 5 
Physical science, 5 
Physical states of matter, 6 
Pickling, 335 
Picric acid, 397, 654 
Pig iron, 520 
composition of, 521 
properties of, 521 
uses of, 521 
Pigments, 573 
paint, 574 
colored, 576 

Pipe line, 621 ill., 628 ill. 
Pitchblende, 107 
Pitting in metals, 563 
'Plane' 

Douglas transport, 538 ill. 
Plaster, 478 
of Paris, 480 
Plasticizer, 578 
Plastics, 654, 709 
Plating room, view of, 202 ill. 
Platinum, 548, 700 
Polonium, 107 
Polymorphous, 445 


Portland cement, 496 
manufacture of, 496 
Positrons, 98 
Potash, 462 
Potassium 
for the soil, 427 
melting point and density, 740 
natural sources, 460 
valence of, 119 
Potassium compounds 
alum, 463 
carbonate, 462 
chlorate, 462 
chloride, 127, 462 
hydroxide, 462 
iodide, 737 
nitrate, 141, 394, 463 
sulfate, 463 
sulfide, 463 
Potassium derivatives 
preparation of, 462 
uses of, 462 
Precipitate, 20 
Precipitated chalk, 471 
Priestley, Joseph, 23, 24 ill, 369, 382, 
606 

Problems 

solving straight volume, 256 
solving straight weight, 253 
solving weight volume, 254 
Producer gas, 631 
Products, 18 
Propane, 639, 644, 650 
Propine, 640 
Propylene, 640 
Proteins, 378, 674 
Proton, 98 
Puddling, 522 
Pulp 

chemical, 681 
sulfite, 683 
Purification of air 
in Holland Tunnel, 614 
Purification of water, 321 ill. 

Putty, 472 
Pyrex, 503 

Pyroxylin, 398, 577, 679 
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Qualitative analysis, S8S 
Quantitative analysis, 585 
Quartz, 488 
crystals, 489 ill. 

Quicklime, 475 

Radioactivity, 107 
Radium 

decomposition of, 109 ill. 
discovery by Mme. Curie, 107 
Ramsey, Sir William, 377 
Rare gases, 371, 375 
Rayleigh, Sir William, 376 ill. 
Rayon, 677, 679, 715 
Rays 

alpha, beta, gamma, 107 
Reagents, 18 
Realgar, 408 
Reduction 
definition of, 50 
of oxide ores, 515 
what happens in, 326 
Refrigeration, 386 
with sulfur dioxide, 289 ill. 
Regenerative process, 526 
Reinforcing agents, 573 
Relative weights 
basis for determining, 86 
calculating, 87 
standards for, 87 
Resin, 578 

Reverberatory furnace, 522 
Rhombic sulfur crystals, 269 ill. 
Richards, Theodore, 91 ill. 
Roadway deck panel, 538 ill. 
Roasting of ores, 515 
Rocks 

igneous, 437 
insoluble salts of, 216 
metamorphic, 438 
sedimentary, 437 
weathering of, 19 
Rose’s metal, 556 
Rosin, 579 
Royal water, 393 
Rubber industry, 273, 702 
Rubber tire 

manufacture of, 274, 275 ill. 


Rutherford, Daniel, 377 ill. 
Rutherford, Sir Ernest, 99 ill. 

Safety film, 398 
Safety match, 407 
Sal ammoniac, 382 
Sal soda, 457 
Saleratus, 464 
Salicylic acid, 654 
Saline laxatives, 216 
Salts 

classifying and naming, 227 
definition of, 218 
general characteristics of, 215 
normal and acid, 301 
preparation of, 225 
production of, 450 

extraction by water, 450 
from the sea, 451 
salt mining, 450 
uses of, 451 
Salt cake, 331 
Salt mine, 449 ill. 

Saltpeter 

as potassium nitrate, 378 
occurrence of, 463 
Sand 

as crystallized silica, 488 
definition of, 418 
uses of, 489 
Sand filter, 175 ill. 

Saponification, 661 

Scheele, Karl Wilhelm, 23, 25 ill., 309, 
311, 369 
Schdnite 

as potassium mineral, 461 
reaction with potassium chloride, 
463 

Schoop process, 568 
Scientific facts, 83 
Sedatives, 345 
Selenite, 479 
Sepia, 584 
Serpentine, 492 
Shale, 470 ill. 

Shatterproof glass, 503 
Shell, composed of calcium carbonate, 
468 
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Shellac, 579 
Sherardizing, 568 
Silica, 488 

reducing agents, 490 
Silicates 

common minerals, 446 
industries, 494 
manufacture of, 492 
natural, 492 
Silicon 

central element of mineral world, 
488 

melting point and density, 740 
used with steel, 555 
valence of, 119 
Silk, 678 
Silver 

melting point and density, 740 
properties of, 547 
uses of, 547 
valence of, 119 
Silver nitrate, 141, 394 
Silver sulfide, 737 
Sizing, 683 
Slag, 516 
Slaking, 476 
Slippage, 561 
Smelting, 516 
Smithsonite, 540 
Smoke screen, 404 ill. 

Smokes, 166 
Sneeze gas, 322 
Soap 

calcium and magnesium, 484 
hard water, 663 
how it cleanses, 662 
large slabs of, 664 ill. 

Soap kettles, 663 ill. 

Soap-making 
in Colonial days, 662 ill. 

Soapstone, 492 
Sodium 

atoms per molecule, 82 
melting point and density, 740 
most abundant mineral of, 448 
valence of, 119 
Sodium compounds, 452 
bicarbonate, 455 


Sodium compounds (Cont.) 
carbonate, 455 
chloride 

comparison of freezing points, 186 
crystals, 452 ill. 
extraction from salt beds, 450 
heat of formation, 737 
table of solubility, 141 
cyanide, 459 
fluoride, 34i 
metal, 454 
nitrate, 394, 459 
nitrite, 459 
peroxide, 455 
sulfide, 459 
sulfite, 457 

Sodium vapor lamp, 455 
Soil, formation and kinds, 416 
Soil fertility 
bacterial content, 419 
chemical properties of soils, 418 
correcting soil acidity, 419 
physical properties of soils, 418 
Solubilities 
table of, 141 
Solubility 
chart, 736 
curves, 140 ill, 464 
factors affecting, 139 
rules for, 194 
Solutions 

characteristics of, 138 
classes of, 139 
conductivity of, 187 
effect on boiling point, 148 
effect on freezing point, 150 
electrolysis of, 197 
factors affecting rate of, 144 
freezing points of, 185 
ionic equilibrium in, 190 
molar, 144 
saturated, 147 
supersaturated, 143 
theory of dissociation of, 187 
unsaturated, 142 
Solute, 137 

Solvay, Ernest, 456 ill. 
process, 386, 455, 462 
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Solvent, 139 
Solvent, universal, xxii 
Sorel cement, 481 
Spalerite, 540 
Spar, 340 
Spectroscope, 586 
Spectrum, 586 
analysis, 586 
Spelter, 541 

Spontaneous combustion, 37 
Sprinkler head, automatic, 557 ill. 
Stahl, 27 
Stalactites, 473 
Stalagmites, 473 
Starch, 672 
granules, 673 ill. 

Stassfurt salts, 460 
Stearic acid, 658, 661 
Steel 

electric furnace for, 528 
heat treatment of, 529 
manufacture of, 522 
modern methods of testing, 531 
Sternutator, 322 
Stibnite, 410 
Stomachic poisons, 428 
Storage battery, 206 ill. 
chemical action within, 206 
commercial, 205 
Storm sewer, 498 ill. 

Strontium 
nitrate, 394 
valence of, 119 
Structural formulas, 640 
Stucco, 478 
Sublimation, 346 
Subscripts, 120 
Substitution products, 643 
Sucrose, 667 
Sugar 

comparison of freezing points, 186 
refining of, 670 ill, 
varieties of, 667 
Sulfanilamide, 691 
Sulfate ions 
test for, 303 
Sulfates 

common minerals, 446 


Sulfates (Cont.) 
formation of, 265 
names of important, 302 
test for, 304 
valence of, 120 
Sulfides 

common minerals, 446 
metallic, 265 
test for, 284 
Sulfite, 291 
valence of, 120 
Sulfur 

allotropic modifications, 268 ill. 
atoms per molecule, 82 
chemical properties of, 270 
early history, 263 
how obtained, 267 
in modern industry, 263 
in rubber industry, 273 
melting point and density, 740 
monoclinic or prismatic, 269 
occurrence of, 265 
physical properties of, 268 
plastic, 269 
rhombic, 269 
solidified, 267 ill. 

some of its important products 
304 m. 
uses of, 271 
varieties of, 269 
valence of, 119 
Sulfur dioxide 
chemical properties of, 288 
comparison of G. M. W. and G. 
M. V., 90 

laboratory preparation of, 286 ill 
liquefaction of, 287 ill. 
occurrence of, 285 
physical constants, 739 
physical properties of, 287 
uses of, 263, 288 
Sulfuric acid 

chemical properties of, 297 
double salts of, 302 
modern tank car for, 299 ill. 
physical properties of, 297 
preparation of 
contact process, 293, 294 ill. 
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Sulfuric acid, preparation of (Cont.) 
lead chamber process, 294, 296 ill. 
salts of, 301 
uses of, 300 
Sulfurous acid, 290 
Sulfurous anhydride, 290 
Suspensions, 164 
Sylvinite, 461 
Sylvite, 461 
Symbols 
chemical, 124 
development of, 124 ill. 

Synthesis, 11 

Talc, 492 

Tartaric acid, 464, 659 
Tear gas, 323, 345 

Telescope disk— 200 inch glass, 499 ill. 
Temperature 
absolute, 73 
comparison of, 74 
standard conditions of, 73 
Tempered glass, 502 ill., 503 
Tempering, 530 

Ternary acids and their salts, 230 
Textiles, 677 
Theory, 85 

Thermit welding, 539 ill. 

Thinners, S73 

Thomson, Sir Joseph J., 95 ill. 

Tin 

alloys of, 559 

melting point and density, 740 
occurrence of, 542 
plate, 542, 568 
preparation, 542 
properties of, 542 
uses of, 542, 705 
valence of, 119 
Tincture of iodine, 346 
Tinctures, 137 
Toluene, 640 
Toning, 584 
Torsion, 552 

Triads, Dobereiner’s, 351' 

Tricalcium phosphate, 409 
Trimorphous, 445 

Triplets, in periodic classification, 353 


Trisodium phosphate, 409 
Trunnions, 524 
Tungsten, 554, 740 
Turpentine, 149 
Tuyeres, 519 
Tyndall effect, 161 ill. 

Type metal, 411 

Ultramicroscope, 161 ill. 

Uranium, 106 
Urea, 595 

Urey, Dr. Harold C., 359 ill. 

Vacuum tube, 97 ill. 

Valence 

computing, from formulas, 121 
electrons, 116 
orbit, 116 
Valence bond, 640 
Valence changes, 328 
Valences of common elements, 119, 
120 

Vanadium, 553 
mining, 553, 554 ill. 
steel, 561 ill. 

Vapor pressure, 148 
of various liquids, 149 
Varnish, 578 
Vehicle, 573 
Vesicant, 322 
Viscose, 679 
Vitamins, 667, 693 
functions and sources, 676 
Vitriol 
blue, 302 
green, 302 
ofi of, 297 
white, 302 

Volume weight problems, 254 
Vorce chlorine cell, 313 ill. 

Vulcanite, 276 
Vulcanizing, 276 

Walker, John, 406 
Water 

composition by volume, 54 
composition by weight, 56 
decomposition of, 76 
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Water, hard 
chemistry of, 481 
permanent hardness, 482 
temporary hardness, 482 
heat of formation, 737 
meaning of formula, 127 
purification of, 477 ill. 
softener, 486 ill. 
vapor, 733 
vapor pressure, 149 
Water gas, 629 

apparatus for production of, 630 ill. 
Water glass, 492 
Wedgwood vase, 495 ill. 

Weight volume, 254 
Weights 

gram formula, 127 
gram -molecular, 127 
Welding, 38 ill. 

White lead, 574 
Whiting, 471 
Wintergreen, oil of,. 660 
Wohler, 534, 595, 596 ill. 

Wood alcohol, 649 
Wood’s metal, 556 
Wool, 679 


Xenon, 375, 376 
X ray 

photograph, of hand, 105 ill. 

of stomach, 412 ill. 
production of, 104 
Roentgen’s discovery of, 106 ill 
tube, 106 ill., 358 ill. 
uses of, 104 
Xylene, 640 

Yellow 
chrome, 577 
litharge, 577 
orpiment, 577 

Zeolite, 485 ill., 486 
Zinc 

common ore of, 540 
melting point and density, 740 
metallurgy of, 540 
occurrence of, 540 
properties and uses of, 541 
valence of, 119 
Zinc sulfate, 302 
Zincite, 540 

Zsigmondy, Richard, 162 ill. 
Zymase, 651 



